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Abstract 
 
Drought is the major environmental stress impacting the wheat industry and 
improving crop productivity in drought prone environments is a global challenge. Water use 
efficiency (WUE) is considered an important determinant of yield under stress and is a key 
component of drought resistance. There is considerable interest in increasing WUE to 
conserve soil moisture both in water-limited and irrigated conditions to improve productivity. 
This study aimed to identify sources of genetic diversity for WUE and grain yield and the 
trait constellations that contribute to improved WUE and increased productivity. For this 
purpose genetically diverse wheat genotypes (15 & 20) were evaluated for water use, water 
use efficiency and yield for three consecutive years in the contrasting weather conditions at 
Narrabri in northwestern NSW. A number of above and below ground traits were recorded 
and their relationship with WUE and grain yield studied. An attempt was also made to study 
marker-trait associations in an applied wheat breeding program to identify genomic regions 
related to improved grain yield, key wheat diseases and grain quality traits. Overall, the 
current study examined the physiological and genetic basis of genetic variation leading to 
improved adaptation in northwestern NSW.  
Significant genotype x environment interaction was observed for most traits. No 
genotypic differences were observed for soil water extraction in the dry environment of 2009, 
whereas in other environments the differences were significant due to sufficient soil moisture. 
In all environments soil water was extracted rapidly from the top 30 cm, whereas water 
content at 50 cm depth decreased gradually. The maximum water use was observed in 2010 
due to the higher in season rainfall but this did not result in more biomass and grain yield. 
More water was used in the post-anthesis period at the dough stage and later flowering 
genotypes tended to use more water. Water use efficiency was higher in the environments 
with lower rainfall (2009 and 2011). The superior WUE genotypes were all synthetic derived 
whereas the least efficient were released cultivars of Australian origin. Higher water use was 
not  associated with higher WUE and grain yield indicating that  higher yielding cultivars 
have the potential to improve WUE thus resulting in water saving. 
Trait means for number of agronomic traits were higher with higher precipitation 
resulting in more vegetative growth, whereas harvest index was greater in less precipitation 
seasons (E6 and E5). Synthetic derived genotypes and the cultivar Crusader produced higher 
grain yield in high and low moisture environments during 2009. Overall, higher water use 
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was not significantly associated with higher agronomic trait values, thus indicating the 
possibility of developing improved wheat germplasm that requires less water. Heading time 
was significantly associated with water use efficiency for dry matter production at maturity 
(WUEDM-Maturity), water use efficiency for grain yield (WUEGrain) and grain yield in both 
dry and some wet environments. Clearly this attribute contributes to ‘drought escape’ thus 
ensuring water is used for grain filling before the onset of stress. An association of superior 
grain yield with higher biomass and harvest index was found in this study. The synthetic 
genotypes produced higher biomass at maturity with lower tiller numbers which resulted in 
greater yield. Normalized difference vegetation index (NDVI) at grainfilling was strongly 
associated with biomass. Genotypes with higher chlorophyll content at anthesis tended to be 
the highest yielding. The synthetic genotypes used soil water more efficiently resulting in 
cooler canopies and higher grain yield. The high heritability of Canopy temperature 
depression (CTD) and strong associations with WUE and grain yield, suggests that this trait 
can be used as an indirect selection tool for yield improvement in northwestern NSW. 
Ground cover recorded at an early stage was significantly associated with improved WUE 
and grain yield. The significant association between earliness, NDVI and canopy cover 
indicates that NDVI can be used as an easy to measure indirect selection tool to screen for 
vigorous genotypes during early growth to improve WUE and grain yield. Leaf area was 
reduced significantly in the dry environment and leaf traits showed some association with 
WUE and grain yield. Glaucousness was strongly associated with WUE and grain yield. 
Significant genetic variability was identified for micro-elements and some were linked with 
differences in crop phenology (late maturity) and water use. 
Significant genotypic variation was observed for all gas exchange parameters studied 
during 2009 and 2011. Higher conductance was associated with lower leaf intrinsic WUE. 
The genotypes with higher gas exchange parameters were positively associated with biomass 
at maturity, WUE and grain yield. Leaf intrinsic WUE was positively correlated with 
WUEGrain. In a subset of genotypes tested in 2011, stomatal conductance decreased more than 
the photosynthetic rate with the progress of the season resulting in higher leaf intrinsic WUE. 
Genotypes with maximum productivity were those with the highest leaf intrinsic WUE, 
reduced stomatal conductance and lower ratio of internal CO2 concentration to ambient CO2 
concentration (Ci/Ca). In water-deficit environments low stomatal conductance and high leaf 
intrinsic WUE can result in improved grain yield. In the current study the higher intrinsic 
WUE was due to the lower stomatal conductance in the low grain delta (ΔG) genotypes. 
Several synthetic genotypes and the cultivar Ventura with significantly lower ∆G (high 
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WUE) produced the highest grain yield. The higher delta observed in some environments 
could be attributed to the availability of sufficient water for conductance, thus resulting in 
higher WUE. Nevertheless, higher delta could be targeted for selection in high moisture 
environments and low delta in water deficient environments.  
 The lowest thousand grain weight was observed in the driest environment and a few 
spike traits (spike length, kernels per spikelet and number of grains per spike) showed a weak 
association with grain yield. Some synthetic genotypes had low tiller number and better spike 
traits and grain yield.  
The root traits were studied in high and low moisture environments and significant 
genotypic variation was observed. Overall root length, root diameter and root length density 
were reduced in response to water stress. Maximum root values were observed near the 
surface at 0-15cm and tended to decrease with the depth. Several synthetic genotypes 
identified as drought tolerant were also superior for root traits and resulted in improved WUE 
and grain yield. 
The grain protein of the tested wheat genotypes was in the hard and prime hard 
grades. All grain quality traits had high heritability. Grain protein and hardness increased 
whereas grain moisture and test weight decreased in the dry environment. Higher grain 
protein correlated with lower grain hardness. The lack of relationship between grain protein 
and grain yield in this study indicates no genetic limitation in increasing grain protein under 
these environmental conditions. 
Cluster analysis classified genotypes into four sub-clusters on the basis of phenotypic 
and molecular data. Synthetic genotypes showed substantial similarity when clustered based 
on both data types and tended to have superior agronomic and physiological traits, WUE, 
grain yield and drought tolerance. Plant breeders can use the considerable genetic variability 
identified in the current study for both above and below ground traits to plan crosses between 
genotypes from different clusters coupled with superior trait variability.  
Based on the results of the present study a water use efficient wheat ideotype for 
northwestern NSW would have higher NDVI, greater leaf length and width, cooler canopies, 
better biomass at anthesis and maturity, greater plant height, superior harvest index, higher 
spike length, greater number of kernels per spikelet and thousand grain weight, better grain 
yield, superior WUEDM-Maturity and WUEGrain.  
The population structure in the tested material was identified from the pattern analysis 
of the phenotypic and genotypic data. Significant marker-trait associations (MTAs) for grain 
yield were identified on all wheat chromosomes whereas for other traits the MTAs were 
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found on specific chromosomes. Some MTAs were identified in genomic regions reported 
previously and many new regions were identified for grain yield, stripe rust, leaf rust and 
crown rot. It was observed that each trait is affected by many markers and each MTA affects 
multiple traits.  
The outcomes of this study are valuable to the wheat industry in number of ways. The 
high WUE genotypes identified can be used to develop more efficient cultivars that increase 
yield per unit of water used, thus improving farmer income in both dry and wet years. This 
study also concluded that genotypes vary in their responses to water stress and can be 
exploited for developing drought tolerant wheat cultivars. The MTAs identified for traits 
responsible for improved productivity and adaptation could be used to pyramid favorable 
alleles in modern cultivars.  
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1. Introduction 
 
Wheat (Triticum aestivum L. em. Thell. and T. Turgidum L.) is one of the world’s 
leading cereal grain and most important food crop (Sleper and Poehlman 2006). According to 
FAO (FAO 2007) global wheat production in 2007 was 607 million tonnes, thus making it 
the third most produced cereal crop after maize (784 million tonnes) and rice (651 million 
tonnes). It is a staple food for 35% of the world’s population (Ogbonnaya et al. 2013). 
Wheat is also one of the most important grain crops of Australia. In 2005-06 farmers 
planted 12.7 million hectares of wheat and harvested 25.7 million tonnes, of which Western 
Australia planted and harvested the most wheat followed by New South Wales and Victoria 
(Pink 2008). Australia is the driest of the inhabited continents and the climate is highly 
variable (BOM 2009). The year 2006 was exceptionally dry in most cropping areas, and 
annual rainfall was 40-60% below average over most of the country (Pink 2008). This severe 
drought reduced the annual wheat production of Australia from 25.7 million tonnes in 2005 
to 10.8 and 13.0 million tonnes during 2006 and 2007, respectively (FAO 2007; Pink 2008; 
Wikipedia 2009). Clearly, there is a need to find strategies to mitigate the effects of drought 
in Australia. Selection and improvement of drought tolerance in crops such as wheat is one 
strategy that can enhance food production in a variable production environment. 
The release of improved cultivars requiring lower amounts of water per unit yield and 
characterized by high yield potential and stability is thus an essential prerequisite for more 
profitable and sustainable agricultural practices, particularly in rainfed, drought prone areas 
(Tuberosa 2004). There is significant unexploited variation among landraces and modern 
wheat cultivars to improve the stress adaptation of cultivated wheat (Trethowan and Mujeeb-
Kazi 2008). Improving crop production in drought prone environments is a daunting 
challenge because it involves many traits and their interactions with the environment 
(Reynolds and Tuberosa 2008). Water use efficiency (WUE) is often considered an important 
determinant of yield under stress and even as a component of crop drought resistance (Blum 
2009). A water conserving breeding strategy could combine high yield, high WUE and good 
drought resistance traits in one variety (Zhang et al. 2004). Water saving crop breeding is 
important in both irrigated and dryland (Zhang 1998) agriculture as water for irrigation is also 
projected to become increasingly scarce. Breeding for improved WUE is hampered by lack of 
understanding of associated traits and the volume of work required to evaluate large numbers 
of genotypes in the field (Hall et al. 1997). Nevertheless, some instruments such as the 
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neutron probe moisture meter are reliable and relatively quick and easy to use (Barrada 
1976), but still need to be tested for individual genotype assessment in the field. 
Improved WUE for grain in modern cultivars was associated with increased harvest 
index (HI), faster development, earlier flowering and improved canopy structure (Siddique et 
al. 1990). Leaf WUE was assumed to be an important parameter in wheat, particularly under 
rainfed conditions. Leaf gas exchange provides spot measurement of intrinsic WUE 
(photosynthesis / stomatal conductance), while carbon isotope discrimination is an 
integrative, but indirect, measure of intrinsic WUE. High intrinsic WUE under rainfed 
conditions could be achieved by selecting for higher photosynthetic rate, lower transpiration 
rate and reduced stomatal conductance in wheat (Baodi et al. 2008). The use of carbon 
isotope discrimination as an indirect selection criterion to improve WUE and drought 
tolerance in plant breeding programmes has been proposed because it is highly heritable, 
negatively correlated with yield and biomass and strongly associated with other morpho-
phenological traits (Al-Hakimi et al. 1996).  
Most drought adaptive traits are polygenic (Reynolds and Tuberosa 2008), therefore, 
molecular markers linked to quantitative trait loci (QTL) will be an important component of 
molecular breeding strategies. Linkage disequilibrium (LD) mapping, also known as 
association mapping, detects and locates QTL based on the strength of the correlation 
between mapped genetic markers and traits (Mackay and Powell 2007). Little information is 
available on the application of association analysis technique on plant breeding populations 
(Breseghello and Sorrells 2006a). Nevertheless, this technique was used to identify many new 
chromosome regions for disease resistance and grain yield in wheat using historical trial data 
(Crossa et al. 2007). 
Little is known about the morphological and physio-genetic differences in wheat 
germplasm response to drought under field conditions, particularly in variable Australian 
environments. The proposed study was planned to determine the basis of improved water use 
efficiency in well adapted and genetically diverse wheat germplasm. The first part of the 
study involves phenotyping of traits related to improved WUE in northwestern NSW. The 
genetic material tested includes locally adapted cultivars and synthetic wheat derivatives, 
grown under high and low moisture conditions in the field. The aim was to gain insight into 
trait constellations that hold promise in terms of genetic enhancement under reduced moisture 
conditions. The second part comprised of association analysis in a commercial wheat 
breeding program to identify genomic regions linked to grain yield and disease resistance. 
The Diversity array technology (DArT) markers, that cover the whole wheat genome, was 
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used to genotype the parents and advanced lines. Yield performance data from multilocation 
trials were used to identify regions of the genome conserved through empirical selection for 
yield in the target environment. These regions may be important in conferring adaptation to 
local environments over the years. Hence, the present studies have been planned with the 
following objectives: 
1. To determine water use and water use efficiency (biomass, grain and leaf) in 
genetically diverse wheat germplasm tested under high and low moisture 
environments. 
2. To identify the plant traits that explain improved water use efficiency in wheat. 
3. To identify the most water use efficient and least efficient genotypes in the 
contrasting environments. 
4. To identify the genotypes with improved productivity under water limited 
environments based on their drought susceptibility index. 
5. Genetic variation in root traits and their contribution to the improved productivity 
6. To estimate the heritability for water use efficiency and grain yield and the 
physiological traits impacting them. 
7. To determine the influence of environments on the pattern of soil moisture content, 
water extraction, water use efficiency and other plant traits (G x E interactions). 
8. Determination of genetic diversity in the current germplasm. 
9. To find the surrogates (indirect selection criteria) for WUE and grain yield. 
10. To define a water use efficient wheat crop ideotype under Australian environments. 
11. To identify the genomic regions for traits related to high grain yield and disease 
resistance in an Australian commercial breeding program using association analysis. 
The results of this study will help develop breeding strategies for improving and stabilizing 
yields in environments with limited water resources. 
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2. Review of literature 
 
Limited water availability is hindering crop production on an enormous scale across 
the globe. In Australia, wheat is mainly grown under rainfed conditions with low and 
uncertain rainfall, resulting in highly variable crop production figures across the years 
(French and Schultz 1984; Asseng and van-Herwaarden 2003; Christopher et al. 2008).  
Water use efficiency (WUE) is an important component of drought resistance and contributes 
significantly towards grain yield in wheat. There is an urgent need to improve WUE and 
increase yield potential in wheat under deficit moisture environments (Zhang and Oweis 
1999; Condon et al. 2004; Du et al. 2010; Misra et al. 2010). Increased crop WUE may result 
in enhanced crop production with existing land and water resources.  
To improve grain harvest per unit water, breeding programs are targeting a 
combination of high yield and enhanced WUE in the improved genotypes. Breeding water 
saving genotypes is important in both irrigated and dryland agriculture. The success in WUE 
has been limited due to a lack of standard protocols and difficulty in recording reliable 
measurements under field conditions (Asseng et al. 2001; Hochman et al. 2009). The WUE 
data often poorly correlate to the individual genotypic performance under field settings. To 
address the increasing problem of water shortages in the foreseeable future, this study aims to 
identify the genetic basis of WUE and associated plant traits under low moisture conditions. 
 
2.1 Wheat 
2.1.1 Importance of wheat 
Among the world’s crops wheat is pre-eminent both in regard to its antiquity and its 
importance as a food of mankind (Percival 1921; Stone and Savin 1999; Sleper and Poehlman 
2006). Wheat is the major cereal crop that is grown in most regions of the world. About one 
sixth of the total arable land in the world is cultivated with wheat (Slafer and Satorre 1999). 
Due to the importance of wheat as a food and feed source and its enormous genetic 
variability in phenological response to photoperiod and temperature, including vernalization 
(Slafer and Rawson 1994), it is not surprising to find it grown from 60 
ᴼ 
N in Northern Europe 
to 40 
ᴼ 
S in South America, ranging in altitude from a few meters to more than 3,000 m above 
sea level at the equator (Slafer and Satorre 1999). 
Dennett (1999) reported that the variations in national yields reflect the diversity of 
wheat climates and production systems throughout the world, for example, yields are high in 
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the relatively benign climates of Europe (7.5 t ha
-1
 in the United Kingdom) and much lower 
in the predominantly water-deficient wheat growing areas of Australia (1.7 t ha
-1
). Most 
wheat production is found in areas with annual rainfall between 200 and 1000 mm and whole 
crop season mean temperature of less than 18 
ᴼ 
C (Bunting et al. 1982). 
If it is confirmed that wheat yields are actually reaching a ceiling then it is urgent that 
new strategies be devised to further increase yield either through management, breeding or 
both to meet the requirements of a burgeoning global population estimated to reach 8 to 10 
billion people during the early decades of the twenty-first century (Braun et al. 1998; Slafer 
and Satorre 1999; Trethowan et al. 2005; Condon et al. 2007). 
 
2.1.2 Wheat cultivation in Australia 
In Australia, wheat farming began in the late eighteen century soon after European 
settlement in order to meet domestic needs and in the latter part of the nineteenth century 
(after 1860) wheat area expanded rapidly as railways were developed and exporting assumed 
major importance; today around 75 percent of the crop is exported (Fischer 1999). 
Bread wheat is grown as a winter crop and can require a period of cold temperature 
(vernalization) before it initiates inflorescences. However, spring wheat (still sown in 
autumn) does not require cold weather to form spikes. Wheat is planted in April-May in 
Australia to maximize vegetative growth and to ensure that flowering does not synchronize 
with the late frost. However, planting time is determined by the availability of soil moisture. 
Harvesting occurs in October-November in the northern parts of the wheat belt and in 
December in the southern regions. 
Wheat growing in Australia is entirely rainfed and annual average rainfall in the 
wheat regions ranges from 275 to 700 mm (Fischer 1999). Summer rainfall predominates in 
northwestern New South Wales and much less rainfall is received during the wheat growing 
season of May to October. The experiment conducted by Cooper (1992) in New South Wales 
demonstrated that flowering in mid September produced the highest yield and that this was 
the earliest date consistent with avoiding frost damage. He further reported yield reduction of 
1.3 percent per day delay in anthesis, due to increased temperatures reducing the length of the 
grain filling phase. 
The area and production of wheat in Australia is given in Table 2.1. There was a 
remarkable increase in wheat production from the mid 1950s. The wheat growing regions of 
Australia (wheat belt) are shown in Figure 2.1. Because the Australian wheat crop is entirely 
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rainfed and soils generally have poor water holding capacity, the national average wheat yield 
is low (1.7 t ha
-1
) and in the past 20 years average yield has fallen below 1.0 t ha
-1
 twice due 
to drought (Fischer 1999).  
Australian wheat production is limited to bread and durum wheat and bread wheat is 
exclusively white and does not have the red colour which typifies most bread wheat grown in 
the northern hemisphere (Anonymous 2005).  
In Australia, emphasis is given to the release of the varieties with high yield coupled 
with the acceptable quality and resistance to the three rust and other diseases. Australian 
wheat is exported to many countries including Japan, Korea, Iran, Iraq, Egypt, Indonesia and 
Malaysia. In 2005-06, 60 percent of Australia’s wheat was exported for human consumption 
and lower quality grain was used for domestic stock feed (Pink 2008). 
 
2.2 Drought 
Crop water stress can be defined as the soil water level at which evapo-transpiration 
falls below its maximum value (Acevedo et al. 1999). Drought and scarcity of water for 
irrigation severely limit wheat productivity in many different environments around the world 
(Trethowan and Reynolds 2007). Water deficit is a common phenomenon in crop plants and 
becomes visible when drought or lack of sufficient water in the rhizosphere occurs (Acevedo 
et al. 1999). Drought problems are common in rainfed agriculture, mainly due to irregular 
rainfall and the unpredictable nature of weather. The water stress decreases plant growth, 
development and yield. The common objective is to alleviate drought effects on yield and 
avoid crop failure when the conditions are extreme. 
To improve the yields in drought prone environments, improved selection techniques 
are required to identify the genotypes with superior yields. The drought resistance 
mechanisms are discussed here. 
 
2.2.1 Drought resistance mechanisms 
Plant growth and yield under drought stress is the core issue addressed by numerous 
researchers. Several plant attributes have been identified that enable plants to grow and 
survive in drought environments (El-Hafid et al. 1998; Blum 2005; Inagaki et al. 2007;  
Table 2.1. Wheat production statistics for Australia, 1939-2010. 
Period
1
 
10 years average 
area 
(1000 ha) 
10 years average                                
production  
(1000 t) 
10 years average 
yield 
(t/ha) 
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1939-50 4596 3962 0.86 
1951-60 3907 4754 1.22 
1961-70 7681 9415 1.23 
1971-80 8734 11361 1.3 
1981-90 11174 15022 1.3 
1991-2000 8688 17254 1.76 
2001-10 12554 19737 1.57 
 
1 
1939-2000 = AWB 2004; 2001-10 = ABARES 2012 
 
 
 
 
 
 
Figure 2.1. Wheat growing regions in Australia. Adapted from ABARE (2010). 
 
Trethowan and Reynolds 2007; Reynolds and Tuberosa 2008). Drought resistance of a crop is 
usually quantified by its yield under drought stress, but the yield under stress also depends 
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upon the yield potential and phenology of a genotype. The high yielding varieties usually 
have high vigour, early flowering and fast grain filling period. 
 The drought resistant genotype is identified when water requirement of the crop is not 
met by the supply and plant water status is reduced, thus these plants resist drought by 
dehydration avoidance or dehydration tolerance (Blum 2005). The three key mechanisms of 
drought resistance are reviewed here. 
 
2.2.1.1  Drought escape 
In water limited environments the yields have been improved to date generally by 
matching the plant phenology to the water availability. The primary strategy to cope under 
water scarce environments is drought escape, by which a crop completes its life cycle before 
the onset of terminal drought (Loss and Siddique 1994). Zaharieva et al. (2001) further 
emphasized that the escape from water, heat, and high radiation stresses could be achieved 
under Mediterranean conditions by shortening of the growing cycle. Crop genotypes can be 
selected for short duration by selecting and observing days to anthesis, heading, seed filling 
and physiological maturity. In the environments with late season terminal drought, early 
flowering could be the better option but this may not be effective in environments with 
unpredictable and intermittent drought. Many studies have revealed that long duration 
varieties are high yielding under productive conditions. Therefore, it means sacrifice of some 
potential yield if drought escape is used to combat drought. Perry and D’Antuono (1989) 
reported the association of yield improvement with early flowering that avoids drought stress. 
The yield reduction in early genotypes may be compensated to some extent by increasing 
plant density (Blum 1970).  
 
2.2.1.2  Dehydration (postponement) avoidance 
Dehydration avoidance is the ability of the plant to retain relatively higher levels of 
water under soil or atmospheric water stress conditions. By maintaining high tissue water 
status the plant processes involved in growth and yield are not affected by stress. Levitt 
(1980) classified the plant species with respect to dehydration avoidance into water savers 
(avoid dehydration by reduced transpiration) and water spenders (use means other than 
reduced transpiration). The main implication of these two mechanisms, from an agricultural 
context is ultimately the plant productivity.  
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 Plants avoid dehydration by enhanced capture of soil moisture, reduction in water 
loss and by retaining cellular hydration despite the reduction in plant water potential (Blum 
2005). Stomata are important in controlling water loss through closure under water deficit 
and low atmospheric humidity (Turner 1991). Various studies revealed positive association 
between stomatal conductance and yield. It means that drought avoidance based on the 
stomatal conductance and reduced transpiration will result in low yields under stress 
environments. The maintenance of high yield together with dehydration avoidance prescribes 
the selection for attributes that sustain dehydration avoidance but not at the expense of 
stomatal closure (Blum 1988). 
At slow rates of stress development the plant has the opportunity to adapt by active 
accumulation of solutes in the leaves. Moreover, this osmotic adjustment results in the 
closure of stomata at lower leaf water potentials. So, osmotic adjustment, as a means for 
retaining higher turgor at a given tissue water potential is an important component of 
dehydration avoidance (Blum 1988).  
The root system plays an important role in controlling the leaf water potential. The 
transpiration demand of the plant experiencing the water stress could be met by the roots that 
reach deep into the wet layers of the soil (Blum 1988; 2005; Kirkegaard et al. 2007). So, deep 
root penetration ability of the crop variety is an important component of drought resistance. 
Mostly the plants modify their root architecture under water stress conditions.  
Epicuticular wax (Glaucousness) is an important trait that imparts resistance against 
water loss through cuticular transpiration. It also increases reflectance of light (Johnson et al. 
1983) and results in reduction in absorbed radiation and leaf temperature (Febrero et al. 
1998). Glaucousness increases grain yield under drought in durum wheat (Merah et al. 2000) 
and under irrigated conditions in bread wheat (Monneveux et al. 2004).  
 
2.2.1.3  Dehydration (desiccation) tolerance 
Dehydration tolerance is the ability of cells to continue metabolism at lower leaf 
water status. It is the second defence mechanism after dehydration avoidance. The 
maintenance of membrane integrity and function under a given level of dehydration stress 
can be taken as a measure of tolerance (Blum 1988). Membrane disorders are measured by 
the leakage of solutes from cells (Blum 1988). Electrolyte leakage technique has been 
employed for the screening of dehydration tolerance. Seedling growth, recovery or survival 
has been tested as a measure of drought tolerance under stress in several crop species. 
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 Dehydration tolerance studies in crop plants revealed that the genotypic variation in 
plant recovery from dehydration (as a measure of tolerance) was positively associated with 
relative water content retained during desiccation (Blum 2005). An effective dehydration 
tolerance mechanism is the utilization of stem reserves that offers a powerful resource for 
grain filling under drought stress (Blum 1998; Asseng and van-Herwaarden 2003; Reynolds 
et al. 2005a). Inagaki et al. (2007) reported that the increased yield in a synthetic bread wheat 
genotype was associated with rapid translocation of photosynthetic carbohydrates to the 
grains after heading time under dry soil conditions. In cereals the storage of water soluble 
carbohydrates in the stem and their remobilization to grain can directly influence harvest 
index especially under post anthesis stress (Reynolds and Tuberosa 2008). 
 
 
2.3 Water use efficiency 
Water use efficiency can be defined in several ways (Figure 2.2). At plant scale, water 
use efficiency is defined as the ratio of total biomass produced per unit of water lost by 
transpiration. This is also known as transpiration efficiency. At crop scale, water use 
efficiency is expressed as the ratio of biomass production or harvested yield to the total 
evapotranspiration or total water use (water applied including rainfall). At leaf scale, the 
instantaneous water use efficiency is expressed as the ratio of net CO2 assimilated by 
photosynthesis (A) to the water transpired (T) in the same time period (A/T) (Polley 2002). 
The intrinsic water use efficiency (e.g., Farquhar et al. 1989) is the ratio between A and 
stomatal conductance (gs) (i.e. A/gs). Generally the gas exchange studies give an estimate of 
the instantaneous water use efficiency, while harvest analysis or isotopic discrimination 
methods measured on accumulated plant tissue tend to give a time integral (Jones 2004). 
Water use efficiency decreases as transpiration rate increases or, because of the close 
relationship between transpiration rate and assimilation rate, there is a tendency for water use 
efficiency to decrease with increasing productivity and thus it follows that simply 
maximizing water use efficiency does not necessarily lead to maximum production (Jones 
2004). 
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Figure 2.2. The scheme representing several means of water use efficiency (WUE). A, net 
photosynthesis rate expressed as μmol CO2 m
-1
 s
-1
; E, transpiration rate expressed as mmol 
H2O m
-2
 s
-1; ∆13C, carbon isotope discrimination. Adapted from Tambussi et al. (2007). 
 
 
Gregory (2004) have expressed that the improved water use efficiency results from 
either crop improvement that increases yield per unit of water transpired (increased 
transpiration efficiency) or from crop management practices that maximize transpiration 
relative to other losses (e.g. by evaporation), or both. He further described that the scope for 
reducing soil evaporation (and hence increasing water use efficiency) was greatest on clayey 
soils with frequent rain showers and low evaporative demand and least on sands with 
infrequent rain and high evaporative demand. 
It is thus evident that improving water use efficiency and yield under arid conditions 
will play an increasingly essential role for better exploiting the productivity potential of cops 
(Tuberosa 2004). In Australian water limited environments, physiological understanding of 
wheat growth and water use has highlighted specific traits that should contribute to increased 
water use efficiency and therefore greater wheat productivity (Rebetzke and Richards 1999). 
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2.3.1 Target traits influencing water use efficiency 
 In cereal crops grown under water limited environments, a significant blueprint that 
underlines the critical role of water use efficiency in determining yield was suggested by 
Passioura (1977): 
   GY = W x WUE x HI 
Where GY is grain yield, W is the total amount of water used by the crop, WUE is the water 
use efficiency, i.e. dry matter produced per unit of water transpired and HI is the harvest 
index, i.e. grain produced per unit of total dry matter. Since these three factors are likely to be 
independent of each other, an increase in any one of them should result in an increase in 
yield. 
 Some traits certainly affect the amount of water use and the water use efficiency of 
the crop. The most important factor is matching the patterns of crop phenology and the 
rainfall (Richards et al. 1993; Richards 1996; Villegas et al. 2000). Early vigor increases both 
water use and water use efficiency, whereas the deep roots and osmoregulation may also help 
the crop to extract and use more water (Ludlow and Muchow 1990). 
 The factors influencing water use efficiency in field crops has been expressed by 
Richards (1991) in the following terms: 
WUE (biomass) = 
    TE__                                
1 + Es/T 
Where TE is the transpiration efficiency (above ground dry weight/transpired water), Es is the 
water lost by evaporation from the soil surface and T is water lost through transpiration by 
the crop. This formula explains that crop WUE can be improved either by increasing TE or 
by decreasing the magnitude of Es. The importance of these components depends upon the 
rainfall distribution in the season. Thus, if the crop relies on the stored soil moisture and the 
rainfall is low then increasing TE offer the best option to increase WUE. However, if a crop 
is reliant only on seasonal rainfall then decreasing Es may lead to maximum gains (Richards 
et al. 2002). 
 According to the characteristics of the target environment, on a case by case basis it 
may be more convenient to select for a trait known to be genetically associated with WUE 
and yield, rather than attempting a direct selection of those traits (Tuberosa 2004). The 
information is provided here for the morpho-physiological traits that have shown to influence 
water use efficiency and eventually the yield. 
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2.3.1.1  Photosynthesis and water use efficiency 
Leaf water use efficiency is a function of CO2 assimilation into photosynthesis (A) 
and water lost through transpiration (T). Bacon (2004) illustrated that A and T are regulated 
by stomatal conductance (gs) and the respective concentration gradients in water vapour (wi-
wa) and CO2 (ci-ca) between the inside (wi and ci, respectively) and outside of the leaf (wa and 
ca, respectively). Furthermore, intrinsic water use efficiency is a negative function of ci/ca. 
Plants can achieve lower ci/ca ratio (with a concomitant increase in WUE) by decreasing 
stomatal aperture (lowering ci by limiting CO2 diffusion into the leaf interior); increasing 
photosynthetic capacity for CO2 (lowering ci by increasing carboxylation) or more likely, a 
combination of the two (Bacon 2004). 
The stomata balance the need for CO2 entrance to intercellular spaces (thus allowing 
photosynthesis to occur) with the need to avoid dehydration by excessive water loss; in other 
words, stomata will open to the extent required to provide sufficient CO2 to meet the 
requirements for photosynthesis (Chaves et al. 2004). Intrinsic water use efficiency 
commonly increases in response to mild water-deficit because drought induced stomatal 
closure restricts water loss more than CO2 uptake (Chaves et al. 2004). 
Due to the global environmental changes the CO2 of the atmosphere is constantly 
increasing. Intrinsic water use efficiency thus increases substantially under elevated CO2 
because of decreased stomatal conductance and increased photosynthesis (Drake et al. 1997). 
Bort et al. (1996) demonstrated that in C3 cereals the refixation of respiratory CO2 is 
considerably higher in the ear than in the flag leaf blade, which appears to be very important 
in enhancing water use efficiency in the tissues that surround the growing grain. Genotypes 
with a comparatively large spike area that does not senesce prematurely in very dry 
environments may capture a greater proportion of incident light during grain filling. This is 
particularly important when the leaf canopy senesces or water use efficiency is low 
(Reynolds et al. 2005a). 
 
2.3.1.2  Canopy temperature and water use efficiency 
 Canopy temperature is an integrative measure of numerous biochemical and 
physiological traits acting at the stomatal, leaf and whole plant level (Tuberosa 2004). Leaf 
temperatures are depressed below air temperature when water evaporates from their surface, 
so the trait is affected directly by stomatal conductance, as such, canopy temperature 
difference (CTD) is a good indicator of a genotypes fitness in a given environment (Reynolds 
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et al. 1999). The genotypes with a cooler canopy temperature (or higher canopy temperature 
depression) under water deficit will use more available soil water, thus avoiding dehydration 
and alleviating the harmful effects of water stress on grain yield (Blum 1988; Ludlow and 
Muchow 1990). Fischer et al. (1998) reported that the yield progress in eight bread wheat 
cultivars released in northwest Mexico between 1962 to 1988 was found to be positively 
correlated with canopy temperature depression. CTD measured on wheat yield trials in 
Mexico under warm, irrigated conditions, was found to be significantly associated with yield 
in situ and with the same lines grown at several international testing sites (Reynolds et al. 
1994); additionally, potential genetic gains were also reported in response to direct selection 
for CTD (Reynolds et al. 1999). 
 Describing the methodology of the CTD, Amani et al. (1996) demonstrated that the 
CTD difference can be rapidly assessed using a hand held infrared thermometer and may 
reflect differences in stomatal conductance. They showed that the CTD was best correlated 
with the grain yield (r = 0.84 and 0.89 for two years) when measured on warm sunny 
afternoons (at higher vapour pressure deficits), and was unaffected by crop developmental 
stage or timing relative to irrigation, nevertheless, suggested the use of CTD as an indirect 
selection criteria for grain yield in the breeding of bread wheat. 
 It would be logical to select for genetically simple traits such as agronomic type and 
disease resistance in the early generations and selection for CTD could be practiced in later 
generations when more loci are homozygous, perhaps in preliminary yield trials (Reynolds et 
al. 1999). 
 
2.3.1.3  Early vigor and water use efficiency 
 In Australian Mediterranean environments grain filling during the months of 
September and October is frequently affected by high temperature and low rainfall and 
results in low biomass and grain production. Greater early vigor, defined as the amount of 
leaf area produced early in the season, should improve the water use efficiency and yield of 
wheat crops grown in such environments (Rebetzke and Richards 1999). It has been 
suggested that in cereals rapid leaf development contributes to the efficiency of water use in 
the soil (Bacon 2004). The early vigor in barley is substantially greater than other temperate 
cereals resulting in twice the leaf area prior to floral initiation compared to wheat and its 
aboveground dry weight is upto 40% more (Lopez-Castaneda et al. 1995). It has been 
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proposed that the thinner leaves exhibit lower water use efficiencies than thicker leaves 
(Stanhill 1986). 
The faster growing leaf canopy shades the wet soil surface, thereby reducing 
evaporation of water from the soil surface and increasing availability of water for the crop, 
thus overall resulting in the greater yields (Lopez-Castaneda et al. 1996). Better ground cover 
early in the season should also reduce light availability underneath the crop canopy and 
improve the competition with weeds (Lemerle et al. 1996). The increased early vigor favours 
both faster growth of roots enabling them to exploit deeper soil layers and production of more 
adventitious roots in the top soil, thus benefiting by using water and nutrients before 
evaporative losses dry the top soil (Richards et al. 2002). It has been suggested that the early 
vigor confers substantial benefits in crops grown in dryland Mediterranean type environments 
(Siddique et al. 1990; Lopez-Castaneda et al. 1996; Rebetzke and Richards 1999; Asseng et 
al. 2003). 
 Early vigor can be improved by selecting for greater specific leaf area and Asseng et 
al. (2003) exploited this trait with some success to propose more water use efficient and high 
yielding lines. Water use efficiency for grain yield has been shown to be increased by as 
much as 25 percent due to early vigor (Siddique et al. 1990; Lopez-Castaneda and Richards 
1994). Richards and Lukacs (2002) evaluated a fairly large set of cereal germplasm and 
reported that the seedling characteristics most closely associated with greater seedling vigor 
were large embryo, large primary leaves on the main shoot, high specific leaf area, and high 
frequency of large coleoptiles tillers. They further demonstrated that a 10 mg increase in 
grain weight increased; leaf area, plant dry weigh, leaf length, leaf width, tiller number and 
decreased emergence time by 15%, 2%, 4%, 8% and 12%, respectively. 
  
2.3.1.4  Phenology and water use efficiency 
 Flowering time has a vital importance in breeding for optimal seasonal water use 
efficiency and is recognized as the most critical factor to optimize adaptation and hence yield 
in environments differing for water availability and distribution (Richards 1991). Mckay et 
al. (2003) reported highly significant positive genetic correlation between ∆13C (dehydration 
avoidance) and flowering time (drought escape), as a result of pleiotropic effects, highlighted 
the major role of genetic variability in phenology in optimizing the duration of vegetative and 
reproductive phases to the available water resources. 
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One approach to ensure increased water use efficiency is to plant annual crops before 
winter, which allows the crop to grow when more water is available and when the 
evapotranspirative demand is lower (Tuberosa 2004), this enables the crop to better escape 
drought and achieve higher yields. Plant breeders have developed a range of cultivars that 
flower, close to the optimal time in a given environment (Passioura 2004), though it is 
preferable to produce slower maturing cultivars that can be sown earlier yet still flower at the 
optimal time (Anderson et al. 1996). 
Tuberosa (2004) expressed that the genetic basis of flowering time is more complex 
in temperate species (e.g. barley and wheat) compared to tropical species (e.g. rice, sorghum 
and maize), due to the presence of vernalization genes in the former group that influence 
flowering time in response to cold temperature. In cereals, several genes that are responsive 
to photoperiod and vernalization (length of day or earliness) control the change of the 
vegetative phase to the reproductive phase (Laurie 1997; Snape et al. 2001; Kojima et al. 
2002; Salvi et al. 2002). 
 
2.3.1.5  Root health and water use efficiency 
Roots are able to extract water from the surrounding soil as the total water potential is 
generally lower in the roots than the soil (Ehlers and Goss 2003). The change in soil water is 
greater in dry periods, particularly when extraction by roots is confined to a limited soil 
volume (Ehlers and Goss 2003). 
Deep and extensive root systems are an apparent strategy to ensure maximum water 
use efficiency in terms of water extraction from the soil, particularly when water availability 
in soils may decrease (Bacon 2004). Water use efficiency in terms of ability to sustain water 
extraction from the soil, becomes increasingly difficult as the soil dries, because this places a 
number of limitations on the development and functioning of roots and most of these are 
poorly understood due to the variable rooting environments, the delicate nature of the 
relationship between roots and soil structure and the difficulty of investigating root growth 
and functioning without disturbing this relationship (Bacon 2004). 
If after harvest soil water remains then a genetic improvement in root architecture is 
required and the simplest way to increase rooting depth and root distribution of crops is to 
increase the duration of the vegetative period up to anthesis, which could be achieved by 
sowing earlier or later flowering genotypes if this is feasible (Richards et al. 2002).  
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The overall transpirational flux through a plant is determined by the characteristics of 
a plants hydraulic architecture and any change in these characteristics could lead to an 
alteration in the response of open stomata to transpiration rate and an effect on water use 
efficiency (Bacon 2004). There is a consideration that the main xylem vessel in the seminal 
roots of wheat will regulate crop water use if water is available in the subsoil but the top soil 
is dry (Richards and Passioura 1989). Reducing the diameter of xylem vessels in the seminal 
roots increase the hydraulic resistance,  resulting in a limited leaf area and slower water use 
before anthesis, if it is dry, and result in more soil water available for grain filling and a 
higher yield (Richards et al. 2002). The breeding efforts to reduce the xylem vessels diameter 
in the roots resulted in higher wheat yields (3 to 11%) in the driest environments (Richards 
and Passioura 1989). The reduced xylem vessel diameter is beneficial under dry conditions 
but neutral in favourable conditions, as the nodal roots in the topsoil will supply the crop with 
its water requirement if the top soil is wet (Richards et al. 2002). Therefore, this trait is 
effective in breeding programmes for increasing the water use efficiency of the crop plants 
under water deficit conditions. 
Advanced lines with improved root health developed using marker assisted selection 
have been developed at CIMMYT and distributed globally, interestingly many of these lines 
were significantly higher yielding than their recurrent parents even in the absence of root 
disease (Trethowan and Reynolds 2007). 
 
2.3.1.6  Transpiration efficiency and water use efficiency 
The transpiration efficiency of leaves (amount of CO2 fixed per unit of water 
transpired) depends on the evaporative demand by the atmosphere and the leaves internal 
CO2 concentration (Condon et al. 2002). One simplest way to improve the transpiration 
efficiency is to ensure that the period of maximum biomass growth occurs during the cooler 
periods of the growing season (Richards et al. 2002). In Mediterranean environments, the 
evaporative demand is less during winter resulting in higher transpiration efficiency as 
compared to the late spring and the summer. So, it is imperative for the crops to establish a 
large leaf area by the inception of winter to reduce losses through evaporation from the soil 
and better fixation of CO2 in this undemanding period for evaporation. Therefore, greater 
transpiration efficiency could be achieved by; a change in planting time, employing the early 
vigor feature, increased surface reflectance (glaucousness), smaller leaves after flowering (in 
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dry and hot environment), selection for awns that maintain photosynthetic activity and small 
erect upper canopy of leaves (Richards et al. 2002). 
 Transpiration efficiency (ratio of dry matter to transpiration) is an important factor of 
crop water use efficiency particularly in regions where stored soil moisture is a major 
component of crop water use (Condon and Richards 1992). Large genetic variation for this 
trait has been reported in wheat yet its direct use for breeding has been constrained by the 
lack of a suitable screening methodology in large segregating populations (Rebetzke et al. 
2002). An effective method for improving transpiration efficiency is the measurement of 
carbon isotope discrimination (∆13C) of the plant material (Richards et al. 2002). In wheat 
carbon isotope discrimination is negatively correlated with the transpiration efficiency 
(Farquhar and Richards 1984). Isotopic analysis of plant tissues facilitates selection for 
intrinsically transpiration efficient plants (Passioura 2004). 
 
2.3.1.7  Carbon isotope discrimination and water use efficiency 
Graham Farquhar and co-workers pioneered the carbon isotope discrimination 
technique during early 1980 and established that the extent of ∆13C varies according to the 
partial pressure of CO2 both inside (ci) and outside (ca) leaves and concomitant driving force 
for CO2 uptake (Bacon 2004). A higher ci/ca results in a greater ∆
13
C - diagnostic of a CO2 
fixation environment in which ci/ca is relatively high; while a lower ci/ca reduces ∆
13
C – 
diagnosing a CO2 fixation environment with a relatively low ci/ca, moreover, a low ci/ca is 
diagnostic of a higher water use efficiency, due to the relatively greater driving force for CO2 
uptake generated by a low ci/ca (Farquhar et al. 1982; Reviewed by Bacon 2004). 
Stable isotope discrimination can be measured to give estimates of instantaneous 
water use efficiency (Condon et al. 1990). The key impact of the use of stable isotopes is that 
their use provides a simple and rapid screening method that integrates water use efficiency 
over time, because isotope signatures found in tissue carbohydrates depend on the processes 
involved throughout their formation (Jones 2004). 
Al-Hakimi et al. (1996) emphasized the use of carbon isotope discrimination as 
indirect selection criteria in plant breeding programmes to improve water use efficiency and 
drought tolerance due to the fact that it has high heritability, negative correlations with yield 
and biomass and strong associations with other morpho-phenological traits. 
After extensive studies it is now well established fact that there is a strong relationship 
between ∆13C and water use efficiency. However, measuring ∆13C does not provide an 
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insight whether the efficiency gained by low ∆13C is due to stomatal conductance or 
photosynthetic capacity. Condon et al. (2002) reviewed this shortcoming by comparing yield 
performance of two wheat varieties with different water use efficiency as characterized by 
their ∆13C, at two sites (one with sufficient rainfall and other with prolonged drought and 
stored soil moisture) in Eastern Australia. At well watered site, the higher WUE genotypes 
gave poor yield than lower WUE ones, whereas, at drought site the genotypes with higher 
WUE produced relatively more yield than the lower WUE genotypes. We already know that 
the transpiration is associated with the plant growth, the reason for this difference being that 
under well watered conditions, high WUE genotypes reduced stomatal conductance (one 
third) compared to low WUE genotypes, thus leading to lower yields. However, under dry 
conditions the lower stomatal conductance saves water thus leading to higher yields whereas 
the higher stomatal conductance causes higher water loss, leading to less water available at 
later stages and lower yields. It is better to select for high WUE (low ∆13C) in water limited 
environments, whereas for low WUE (high ∆13C) in well watered environments, particularly 
if low WUE is coupled with higher growth. However, Condon et al. (2002) demonstrated that 
even in well watered environments of Eastern Australia the low ∆13C lines produced a higher 
yield than lines with higher ∆13C discrimination. The higher photosynthetic capacity could be 
equally advantageous under both water limited and well watered environments. 
Numerous studies performed under different water regimes have shown that in bread 
wheat the correlation between ∆13C and grain yield ranges from positive in well water 
conditions, to negative in drought conditions, with no correlations in intermediate condition 
(Condon et al. 1993; Akhter et al. 2008). Sufficient genetic variability has been reported for 
grain ∆13C in wheat crop with high broad sense heritabilities (e.g. 0.76 to 0.85, Merah et al. 
2001a) and low genotype by environment interactions (Richards 1996). So ∆13C is an 
attractive target for improving water use efficiency and the yield. 
A commercial cultivar named ‘Drysdale’ has been released in Australia following a 
selection based on ∆13C, in dry years this cultivar has a major advantage over similar wheats, 
producing about 10% more grain yield despite receiving the same rainfall (Tuberosa 2004), 
this is one of the very few examples of physiological analysis leading directly to a new 
cultivar (Passioura 2004). 
 
2.3.1.8  Harvest index and water use efficiency 
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 Harvest index is an important component of the framework proposed by Passioura 
(1977) for yield of grain crops growing in dry environments. In drought environments, there 
are two components of harvest index that must be exploited to achieve high grain yield: the 
first component is drought independent, determined in the pre-anthesis phase in the absence 
of water stress and sets the genetic potential; the second is drought dependent, determined by 
the pattern of water use after anthesis, if the water is limited, and establishes how much of the 
genetic potential can be achieved (Richards 1991). The varieties that produce high yield in 
optimum conditions are likely to show superior performance in water limited environments as 
well. The wheat yield improvement via increased harvest index under favourable conditions 
has been reported (Perry and D'Antuono 1989; Sayre et al. 1997; Akhter et al. 2008). A high 
drought independent harvest index has been attained by a greater partitioning of dry matter to 
reproductive than to non-reproductive organs, i.e. by height reduction and earliness (Richards 
et al. 2002). In Australian environments, both plant height and earliness have reached their 
limits. 
 Harvest index depends upon the total water availability at the time of anthesis, water 
stress can drastically reduce the drought dependent component of harvest index (Richards 
1991). Early flowering, narrow root xylem vessels and increased translocation of pre-anthesis 
assimilates to grains will result in less vegetative growth and higher grain filling thus leading 
to increased water use efficiency and improved harvest index under stress. 
The release of varieties integrated with superior yield potential and stability will 
mainly depend on our ability to increase water use and/or water use efficiency of the crop. 
From this review it is clear that genetic variability in water use efficiency can be traced to the 
interaction of a multitude of quantitatively inherited morpho-physiological traits, whose 
effects on yield may vary to a considerable extent both in terms of magnitude and direction 
according to the prevailing environmental conditions (Tuberosa 2004). 
 
2.4 Wheat crop ideotype 
Among many potential traits very few have been examined in a systematic way to 
increase genetic gains when used as selection criteria, they are not generally introgressed into 
high yielding backgrounds, and little work has been conducted to assess potential 
complementarity between several morphological and physiological traits which have 
potential to improve the crop ideotype (Reynolds et al. 1999). 
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According to Donald (1968) a valuable approach is the breeding of crop ideotypes, 
plants with model characteristics influencing photosynthesis, growth and grain yield, with 
minimum demand on resources per unit of dry matter produced. He described wheat ideotype 
as: It has a short, strong stem; few, small, erect leaves; an erect and large ear (this specifically 
means many florets per unit of dry matter of the tops) with awns and a single culm. This 
wheat ideotype cannot be developed based on selection for yield under current agronomic 
practices and all new ideotypes may similarly involve changed practices (Donald 1968). 
Strategic research for altering plant architecture of wheat to break the productivity 
barrier resulted in the development of new wheat plant type, which has high 1000 grain 
weight (45-50g), high number of grain per spike (90-100), higher biomass, thick, broad, semi 
erect and dark green leaves, thick stem, plant height 85-100 cm and good root system, 
moreover the efforts are underway to increase the productive tillers and resistance to diseases 
in these wheats (Singh et al. 2007b). 
The genes required for the design of drought resistant cultivar depends upon the 
ideotype, which in turn depends upon our ability to predict environmental effects and plant 
responses to those stresses, in a given agro-ecological system (Blum 1996). 
A conceptual model for drought tolerance in wheat was proposed by Reynolds et al. 
(2001b). The theoretical ideotype has high expression of different traits useful in different 
drought environments: seed size and coleoptiles length (improve early crop establishment), 
early ground cover and pre-anthesis biomass (decrease evaporation of soil moisture), stem 
reserves/remobilization and spike photosynthesis (aid grainfilling during post-anthesis stress), 
stomatal conductance (indicative of roots capable of extracting  deep soil water), osmotic 
adjustment (maintains cell functions at low water potential), accumulation of abscisic acid 
(pre-adapts cells to stress), heat tolerance (heat stress may be due to low leaf transpiration 
rates under drought), leaf traits e.g. waxiness, pubescence, rolling, thickness (reduce danger 
of photo-inhibition), high tiller survival and stay green (easily observable traits indicative of 
good drought tolerance) (Reynolds et al. 2001b). 
More recently these traits are placed in four different groups (Figure 2.3) such that the 
physiological effects between groups are relatively independent and when contrasting parents 
in trait-groups are crossed, drought-adaptive genes are more likely to be pyramided 
(Reynolds et al. 2005a). Using these traits, specific ideotypes could be developed for 
different environments, i.e. optimum conditions or variable drought conditions. 
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Figure 2.3. Conceptual model for drought adaptation in wheat. Adapted from Reynolds et al. 
(2005a). 
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2.5 Association mapping 
Recent advances in genomics have made high density molecular and physical maps 
available for wheat and barley improvement (Varshney et al. 2007). In plant breeding 
programmes molecular markers are now widely used to tag genes, quantitative trait loci 
(QTLs) or genomic regions of agronomic importance, thus increasing the possibility of their 
use in marker assisted selection. A variety of molecular markers have been used, however 
microsatellite or simple sequence repeat (SSR) are found to be best suited for marker assisted 
breeding. Nevertheless, more efficient single nucleotide polymorphisms (SNPs) and 
genotyping by sequencing (GBS) are now available for wheat and will be increasingly used 
in future.  
Association mapping is an alternate or complementary strategy to QTL mapping for 
explaining associations between genotype and phenotype based on linkage disequilibrium 
(LD) (Reimer et al. 2008). LD, the non-random association of alleles at different loci, plays a 
vital role in association mapping and determines the resolution of association study (Flint-
Garcia et al. 2003). Higher resolution is predicted when LD declines rapidly with increasing 
physical distance (Gaut and Long 2003). In natural populations or among collections of 
cultivars, there have frequent rounds of historical recombination, LD mapping exploits this 
historical recombination and offers the opportunities for fine mapping that are difficult to 
achieve through family based linkage analysis (Mackay and Powell 2007). 
In plant genetics, the potential of LD based association mapping is not fully exploited 
due to the occurrence of population structure. Pritchard et al. (2000) proposed a novel method 
for association studies in structured populations, which was demonstrated in maize crop for 
Dwarf8 gene involved in flowering time (Thornsberry et al. 2001). In wheat, the population 
structure has been analysed and successfully utilized for association mapping studies. 
LD mapping detects and locates QTL by the strength of the correlation between a trait 
and a marker, moreover, it provides better precision in QTL location than family based 
linkage analysis and must therefore lead to more efficient marker assisted selection, facilitate 
gene discovery and help connecting sequence diversity with heritable phenotype differences 
(Mackay and Powell 2007). This approach has a major advantage over traditional mapping, 
that it does not require the time consuming and expensive generation of specific genetic 
populations (Crossa et al. 2007). 
The attractive feature of association mapping is that marker trait associations can be 
studied in core collection from a gene bank, varieties representing the elite germplasm of a 
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breeding program or inbred lines representing a synthetic outcrossing population 
(Breseghello and Sorrells 2006b). A collection of unrelated individuals usually presents 
variation for many phenotypic aspects; thus offering the possibility of studying several traits 
in the same population using the same genotypic data, and higher proportion of molecular 
markers are expected to be polymorphic, offering better genome coverage than any biparental 
map (Breseghello and Sorrells 2006b). 
Numerous association analysis studies have provided validation of this approach and 
also resulted in the identification of new genomic regions in wheat, like, disease resistance 
and grain yield (Crossa et al. 2007), kernel size and milling quality (Breseghello and Sorrells 
2006b), yellow pigment (Reimer et al. 2008), morpho-physiological traits (Maccaferri et al. 
2006) and Russian wheat aphid (Peng et al. 2009). 
In wheat, most association mapping studies concentrated on particular chromosomes 
where major QTL have already been documented and published literature is still lacking on 
genome wide association mapping studies of important target traits (Reimer et al. 2008). It 
would be possible to link drought performance with specific genomic regions always present 
in materials performing better under drought stress and wheat breeders could then ensure 
these regions are present in their materials and could actively select for them in segregating 
populations (Trethowan and Reynolds 2007). A better knowledge of the genetic factors 
governing variability in seasonal water use efficiency and harvestable yield will help the 
breeders to plan more effective strategies for improving yield potential while optimizing 
water harvest (Tuberosa 2004). 
 
2.6 Challenges for future research 
Little progress in drought adaptation can be made without a prolonged investment in 
long term drought research that is connected to wheat breeding programs and the release of 
commercial varieties (Richards et al. 2008). Most stress tolerance traits are inherited 
quantitatively, therefore, expansion of the available genetic diversity for stress tolerance is 
essential if rates of genetic progress are to be maintained (Trethowan and Mujeeb-Kazi 
2008). According to Passioura (2004) there remains  scope for; (i) improving transpiration 
efficiency along the lines of development of new cultivars such as ‘Drysdale’, adapted to a 
greater range of environments and produce higher yield under moderate to low rainfall in 
crops growing during winter on soil stored moisture from summer rainfall, (ii) optimizing the 
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trajectory of leaf area and root development through time, for reducing evaporative losses 
from the soil and capturing water that may otherwise drain beyond reach. 
In water limiting conditions, screening for genetic variation may provide valuable 
insight into traits and their mechanisms and should therefore be pursued. Genetic variation in 
root system traits should now be given more attention as this will be as rewarding as above-
ground traits and this can be done in a better way by using stomatal aperture traits which are 
non destructive, i.e. canopy temperature depression, stomatal conductance or carbon isotope 
discrimination, that can be measured on the above ground plant quickly and effectively, and 
offer some indirect measure for the effectiveness of roots in accessing water deep in the soil 
(Richards et al. 2008). QTLs for drought related traits coincident with QTLs for yield 
potential should be considered as priority targets for marker assisted selection (Cattivelli et 
al. 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Water use and water use efficiency of diverse wheat genotypes 
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3.1 Introduction 
Water availability is a major factor limiting crop production worldwide. Along with 
better irrigation engineering and agronomy, breeding crop varieties with higher water-use 
efficiency is seen as part of the solution (Condon et al. 2004). The challenge for plant 
breeders is to develop cultivars that make best use of water in dry years and yet perform well 
in the wetter years when farmers derive most of their income (Connor et al. 2011). 
Water use efficiency (WUE) at the plant scale is defined as the ratio of the rate of 
biomass production to the rate of plant transpiration and is also known as transpiration 
efficiency; at the crop scale WUE is expressed as the production of total biomass or harvested 
yield against total plant transpiration (Jones 2004). Variation in water use and WUE exists 
within species and between cultivars and in wheat this variation was reported by Passioura 
(1977), van den Boogaard et al. (1997), Zhang et al. (2002, 2004, 2005), Reynolds et al. 
(2007b), Tambussi et al. (2007), Akhter et al. (2008), Baodi et al. (2008), Zhang et al. (2010) 
and Yong’an et al. (2010). Genotypic variation in WUE is driven mainly by variation in 
water use rather than by differences in plant production or assimilation per unit of water used 
(Blum 2005). 
Wheat is sensitive to water deficit particularly at flowering and post-anthesis and this 
is exacerbated at elevated temperatures. Austin et al. (1977) reported that 70-90 percent of 
grain yield is explained by post-anthesis photosynthesis in wheat. Therefore high temperature 
at and following anthesis combined with water deficit induces pollen sterility, increases 
flower abscission and decreases grain filling duration and grain weight (Acevedo et al. 1999) 
resulting in reduced yields. Quanqi et al. (2010) concluded that irrigation at the jointing and 
heading stages results in higher grain yield and improved WUE. 
The most important trait influencing yield under drought is flowering time, as 
optimized anthesis matches the life cycle to seasonal rainfall and temperature thus improving 
adaptation to the target environment (Richards et al. 1998). Slafer and Araus (1998) reported 
that the improved crop performance may be achieved by improvements in water use, water-
use efficiency and harvest index. They further suggested that (i) to improve water use, deeper 
root systems and early vigour are important as both these traits help access water available in 
deeper layers of the soil and improve transpiration to evaporation ratio (ii) when  water 
availability cannot be increased water-use efficiency (selection for lower Δ resulting in higher 
TE) appears to be the best way to improve biomass, (iii) reduction in harvest index due to 
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terminal drought can be improved by limiting water up-take during early stages of 
development via traits that reduce early vigour. Thus more of the available water is used 
during the reproductive rather than vegetative stages.  
It is necessary to combine water-use efficiency with optimized use of all available 
water if production is to be maximized (Connor et al. 2011). In Mediterranean environments 
early sowing assures that the wheat crop grows during a period of low vapour pressure deficit 
(vpd) and high soil moisture (Acevedo et al. 1999). Based on his multilocation experiments, 
Anderson (1992) reported that increased water use in the post-anthesis period improved WUE 
of grain production at all sites. He concluded that appropriate combinations of cultivar and 
agronomic practices can increase grain yields linearly up to about 5 t/ha at seasonal water use 
of about 400mm, even in situations where water stress occurs during grain filling. 
Siddique et al. (1990) reported that the WUE of modern cultivars was higher than old 
cultivars among 9 Australian tested wheat varieties. Field studies conducted in China 
indicated that crop yield improved by 50% and resulted in significant WUE increases 
between 1982 and 2002 (Zhang et al. 2005).  
van den Boogaard et al. (1996) found that water was used more efficiently for 
biomass production and equally efficiently for grain production under irrigated compared to 
rainfed conditions. van den Boogaard et al. (1997) studied plant growth and water-use 
efficiency in 10 wheat cultivars and found that efficiency of water use was higher for plants 
with higher leaf area per unit plant weight and WUE at the leaf level was related to variation 
in stomatal conductance.  
When comparing a semi-dwarf high yielding cultivar and a landrace of durum wheat 
grown under stress and non-stressed conditions in a greenhouse experiment, Blum (2005) 
found that the high yield under water-limited conditions was associated with reduced WUE. 
Based on field studies, Trethowan and Reynolds (2007) reported that synthetic wheat 
materials displayed higher yield performance in water limited environments compared to 
adapted bread wheat cultivars. Novel genetic resources can potentially contribute to increased 
WUE by extracting water deeper in the soil profile and by accumulating higher levels of 
soluble stem carbohydrates (Reynolds et al. 2007b). Varieties with higher evapotranspiration 
and above ground dry material (higher ability to capture soil moisture) always have higher 
grain yield, grain yield water use efficiency and drought tolerance under drought stress 
(Yong’an et al. 2010). The positive relationship between grain yield and WUE observed by 
Zhang et al. (2010) indicates that selection for high yield has the potential to improve WUE 
and thereby to save water.  
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The current studies were designed to evaluate an elite set of well adapted but 
genetically diverse wheat germplasm for water use and WUE in a multi-environment and 
multi-season study. The aim was to identify WUE genotypes and the plant traits that control 
this response in north-western NSW, Australia. 
 
3.2 Materials and methods 
3.2.1 Experimental site 
The field experiments were conducted during 2009, 2010 and 2011 at the I.A. Watson 
Grains Research Centre, Narrabri, NSW (30° 20΄S, 149° 45΄E). Having summer dominant 
rainfall Narrabri is considered to be a suitable site for water deficit studies during winter. The 
average annual rainfall (2001-2008) was 580 mm, with 212 mm in the cropping season (May-
October) and 368 mm in summer (November-April). The dominant soil type at this location, 
as documented by Khan (1999), is a self-mulching black soil classified as Ug 5.2 (Northcote 
1965).  
 
3.2.2 History of experimental material 
A number of exotic and local wheat genotypes were evaluated in the field at Wallgate 
during 2007 in a water deficit environment and superior genotypes selected. This selected set 
was retested at Mayfarm, Camden during 2008 using a neutron probe moisture meter and a 
subset of 15 genotypes was identified for the water relations experiments presented in this 
thesis.  
 
3.2.3 Experimental layout 
The experiments were conducted at three different sites at the IA Watson Grains 
Research Centre between 2009 and 2011. The site details including hydrant locations and soil 
types are given in the Table 3.1. 
The plant material comprised 15 previously tested, genetically diverse wheat 
derivatives and an additional 5 genotypes (approved cultivars for northwestern NSW) were 
included from 2010. A list of 15 genotypes (Serial No. 1 - 15) tested during 2009 and the 20  
 
 
Table 3.1. The location and soil type of each experiment conducted during 2009-2011. 
Year  Location Soil type 
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Environment 1 
(High moisture environment) 
Environment 2 
(Low moisture environment) 
2009 L4 South  L4 North  Sandy loam 
2010 H28 West H28 East Clay loam 
2011 H24 South H24 North Clay loam 
 
 
genotypes tested during 2010 and 2011 are presented in Table 3.2. To prepare the soil for 
sowing the disc operation was performed followed by cultivator operation after 10-12 days 
depending upon the weather. The experiments were conducted using alpha-lattice designs 
with three replications. Five rows were planted per plot with 33cm spacing. Sunlin was used 
as buffer around the experiments. Some more details are presented in Table 3.3. 
Throughout this work the genotypes were sown on stored soil moisture and the 
following water regimes were generated: (i) high moisture environment where moisture stress 
was minimized using irrigation, and (ii) low moisture environment or rained conditions 
where no water was applied during the crop growth season. 
 
3.2.4 Agronomy 
In 2009 and 2011 no fertilizer was applied, whereas Urea was applied @ 200 kg ha
-1
 
on 2
nd
 September to both the environments/trials during 2010. 
In season herbicide application, 2009 - Hotshot and MCPA LVE @ 750 ml ha
-1
 each 
were sprayed on 27
th
 July at tillering stage to control weeds like milk thistle, wild turnip, 
volunteer field pea and wild mustard; Wildcat 100 @ 0.5 kg ha
-1
 and Spreadwet @ 250 ml 
ha
-1
 were sprayed on 19
th
 August at stem elongation stage to control grass weeds. No 
fungicide was sprayed. 
In season herbicide application, 2010 - Starane advanced @ 900 ml ha
-1
 was applied 
on 12
th
 July at 3 leaf to tillering stage to control wild turnip, bindweed, deadnettle and 
wireweed; Esteron LV @ 800 ml ha
-1
 on 17
th
 August at tillering stage (Zadok, Z25 – Z31) to 
control deadnettle, stinging nettle, bindweed and wireweed; Axial 100 EC @ 250 ml ha
-1
 and 
Adigor @ 500 ml ha
-1
 on 21
th
 August to control Phalaris and wild oats. 
  
 
3
0 
Table 3.2. List of germplasm used in field studies during 2009-2011.  
Genotype 
code 
Genotype Pedigree Origin 
Year of 
release 
1 
MILAN/KAUZ/5/CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA 
(TAUS)/4/WEAVER/6/TOB/ERA//TOB/CNO67/3/PLO/4/VEE#5/5/KAUZ 
same CIMMYT - 
2 CROC_1/AE.SQUARROSA (224)//OPATA/3/PASTOR same  CIMMYT - 
3 CROC_1/AE.SQUARROSA (224)//2*OPATA/3/2*RAC655 same CIMMYT - 
4 CETA/AE.SQUARROSA (327)//2*JANZ same CIMMYT - 
5 
QT6581/4/PASTOR//SITE/MO/3/CHEN/AEGILOPS SQUARROSA 
(TAUS)//BCN 
same CIMMYT - 
6 D67.2/P66.270//AE.SQUARROSA (320)/3/CUNNINGHAM same CIMMYT - 
7 Janz 3Ag#3/4*Condor//Cook QWRI 1989 
8 Giles Janz/Vulcan QDPI&F 1999 
9 Cunningham 3Ag#3/4*Condor//Cook QDPI 1990 
10 Sokoll   (Drought-adapted synthetic-derived cultivar) Pastor/3/Altar84/Ae.Sq.//Opata CIMMYT - 
11 Crusader Sunbrook/H45 LongReach 2008 
12 LPB05-2271 QB63-1/Sunco//Sunvale LongReach - 
13 LPB05-1164   (Scout) Sunstate/QH71-6//YITPI LongReach 2010 
14 LPB05-1157   (Envoy) Sunstate/QH71-6//YITPI LongReach 2011 
15 LPB05-2148   (Spitfire) Drysdale/Kukri LongReach 2011 
16 Lang QT3765/Sunco QDPI&F 2000 
17 Sunco Cook*3/WW15/4SUN9E-27/3Ag14 Sydney Uni. 1986 
18 Carinya Janz*4/Sunvale AGT 2008 
19 Sunvale Cook*2/VPM1//3*Cook Sydney Uni. 1993 
20 Ventura Sunvale/Rowan AGT 2004 
 
Sources:  
Queensland 2011 wheat varieties (www.nvtonline.com.au) 
Longreach website (http://longreachpb.com.au) 
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Table 3.3. Details of the experiments conducted during 2009-2011. 
Year Environment Plot size (m
2
) Planting date Harvesting date 
2009 E1 2 x 6 4.6.2009 13.11.2009 
 E2 2 x 6 2.6.2009 25.10.2009 
2010 E3 2 x 12 15.6.2010 22.11.2010 
 E4 2 x 12 12.6.2010 26.11.2010 
2011 E5 2 x 12 11.6.2011 16.11.2011 
 E6 2 x 12 11.6.2011 16.11.2011 
 
 
Fungicide, Tilt 250 EC @ 250 ml ha
-1
 was sprayed on 17
th
 August at tillering stage 
(environment 3) and on 14
th
 September at heading stage to control stripe rust. 
In season herbicide application, 2011 - Axial 100 EC @ 250 ml ha
-1
 and Adigor @ 
500 ml ha
-1
 were applied on 12th July at 3 leaf stage to control grasses in environment 6; 
Starane advanced and LVE MCPA 570 @ 1 L ha
-1
 each on 22
nd
 July (environment 5) and 
30
th
 July (environment 6) to control broadleaf weeds; Wildcat 110 EC @ 500 ml ha
-1
 and 
Spreadwet 1000 @ 100 ml ha
-1
 on 10
th
 August at tillering stage to control grasses; Atlantis 
OD @ 330 ml ha
-1
 and Hasten 1 L ha
-1
 on 1
st
 September at stem elongation stage to control 
grasses; Bromicide MA @ 1.5 L ha
-1
 on 5
th
 September to control broadleaf weeds. 
Insecticide, Karate Zeon @ 18 ml ha
-1
 was applied on 16
th
 September at booting stage to 
control insects. Fungicide, Tilt 250 EC @ 250 ml ha
-1
 was sprayed on 10
th
 August and 16
th
 
September to control rusts. 
 
3.2.5 Irrigation  
The experimental plots were irrigated with an overhead irrigator at the rate of 25 mm 
per irrigation using ground water. Two irrigations were applied to the high moisture 
environment during 2009; the first irrigation 90 DAS (days after sowing) approximating 
anthesis and the second 109 DAS at milk stage. No irrigation was applied in 2010 due to the 
excessively wet season and the two trials were considered as two environments. During 2011, 
an equally wet season (Appendix I, Figure 3), one irrigation was applied at the 4 leaf/tillering 
stage to the high moisture environment. However, the average soil moisture of both the trials 
was statistically non-significant after irrigation due to the above average in season rainfall. 
For this reason, both trials were considered to be different environments rather than 
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differential moisture treatments. E1, E3 and E5 represented the high moisture environment 
and E2, E4 and E6 the low moisture equivalents in 2009, 2010 and 2011, respectively. These 
descriptors are used throughout the text to describe each of the six environments irrespective 
of moisture status (Table 3.4). 
 
Table 3.4. The environment descriptions used in this thesis for the experimental work 
conducted during 2009-2011.  
Year High moisture environment Low moisture environment 
2009 E1 E2 
2010 E3 E4 
2011 E5 E6 
 
 
3.2.6 Soil moisture content 
Aluminium tubes were inserted in the centre of each plot using a hydraulic corer 
mounted on a tractor (Figure 3.1). Tubes were placed in three replications during 2009 and 
two replications during 2010 and 2011 to a depth of 60 cm at 56, 80 and 30 DAS in 2009, 
2010 and 2011, respectively. In 2010 the insertion of access tubes was delayed due to the 
very wet season, where the swelling nature of the grey vertosol soil hindered the operation of 
the corer. The original plan for tube placement at 120 cm, depth during 2010 and 2011 was 
abandoned because of the exceptionally difficult soil conditions. Soil moisture content 
(counts) was determined with a neutron moisture meter (CPN
®
 503DR Hydroprobe, Boart 
Longyear, California, USA) with the individual reading time set at 16 seconds. 
Measurements were made throughout the cropping season at 10, 20, 30, and 50 cm depths in 
the root zone on different dates as shown in Table 3.5. 
A calibration (Eq. 1) previously developed on the same soil type (grey vertosol) was 
used to convert the neutron probe counts to volumetric water content (Personal 
Communication, Rafiq Islam).  
θ = 0.0117 + 0.00003*Counts      ................................................. Eq. 1 
Where θ = volumetric water content, cm3 cm-3; Counts = neutron probe counts; 0.0117 and 
0.00003 are the coefficients of the calibration equation. The coefficient of determination was 
0.80. 
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Figure 3.1. Installation of aluminium access tubes in the field with the help of tractor 
mounted hydraulic corer. Encircled in the bottom picture is the neutron probe access tube 
after installation. 
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Table 3.5. Dates of neutron probe measurements for the experiments conducted during 2009, 
2010 and 2011.  
 Dates of neutron probe measurements 
Year 1 2 3 4 5 6 7 8 9 10 
2009 31/7 10/8 25/8 9/9 16/9 24/9 1/10 8/10 13/10 3/11 
2010 5/9 21/9 5/10 19/10 3/11 24/11     
2011 13/7 27/7 16/8 2/9 16/9 11/10 1/11 16/11   
 
 
3.2.7 Estimation of water use and water use efficiency 
The total seasonal water use of each plot was estimated from sowing to harvesting. 
For the initial period from sowing to the first day of measurement the evapotranspiration 
(ETo) was assumed equal to the moisture loss from a bare soil surface and was collected 
online from the Australian Cotton Research Centre (ACRI), Myall Vale weather station. 
The total water use was estimated using the following equation (Zhang et al. 1999) as 
described by Zhang et al. (2005): 
TWU = P + I + ΔW – R – D + CR 
Where TWU = total water use during crop growth, mm; P = precipitation (recorded from a 
weather station), mm; I = Irrigation, mm; ΔW = change in soil water content in the profile up 
to 50 cm depth from sowing to anthesis or maturity, mm; R = runoff, mm; D = drainage from 
the root zone, mm and CR = capillary rise to the root zone, mm. 
Surface runoff, drainage and capillary rise was considered as negligible, thus the following 
equation was used as reported by Khan (1999) on the same site: 
TWU = P + I + ΔW 
Water use was calculated from sowing to anthesis (WUa) and from sowing to maturity 
(WUm). 
Water use efficiency for grain yield and above ground dry matter was calculated following 
Zhang et al. (2005) and Siddique et al. (2001): 
WUEGrain = Y/TWU 
WUEDM = DM/TWU 
Where WUE = water use efficiency, kg ha
-1
 mm
-1
; Y = grain yield, kg ha
-1
; DM = dry matter, 
kg ha
-1
; TWU = total water use, mm. 
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3.2.8 Crop measurements 
Data were recorded on agronomic and other plant parameters such as crop phenology 
(Zadok score, Zadoks et al. 1974), biomass at anthesis (kg ha
-1
), biomass at maturity (kg ha
-1
) 
and grain yield (kg ha
-1
) during all three years of experimentation. 
 
3.2.9 Weather 
  Meteorological data for 2009, 2010 and 2011 were recorded from the nearest weather 
station located at Narrabri Airport AWS (Climate data online, Bureau of Meteorology). 
Temperature, rainfall and global solar radiation data were collected online from this weather 
station. Humidity measurements were taken from the onsite ‘Next G’ weather station and 
long term humidity was supplemented by the online data collected from Narrabri West Post 
Office. The ETo values were collected online from the Myall vale weather station for the 
entire duration of studies. The sources of weather data are given as follows: 
Narrabri Airport AWS (54038) (http://www.bom.gov.au/climate/data/) 
Narrabri Weather Portal (http://www.weatherdata.net.au/narrabri/)  
Narrabri West Post Office (53030) (http://www.gov.au/climate/data/) 
The weather data are presented in Appendix I, Figure 1 to 3. 
 
3.2.10 Statistical analysis 
The combined analysis was conducted to examine the differences among the six 
contrasting environments using the general analysis of variance procedure of GenStat 
statistical software, version 14.1 (Payne et al. 2011). The genotype means were compared by 
the Fisher's protected least significant difference test at P < 0.05. Relationships among 
parameters were computed using Pearson’s simple correlation test of GenStat (Payne et al. 
2011). 
Heritability over environments was estimated by the following equation: 
                                            H = 
 
Where σ2GE is the G x E variance, e is the number of environments and r is the number of 
replicates per environment. 
 
 
 
σ2G 
   
σ2G + (σ
2
GE/e) + (σ
2
e/re) 
 36 
  
3.3 Results 
3.3.1 Combined 2009-2011 (15 genotypes) 
3.3.1.1 Water use and water use efficiency 
The combined analysis of water use and water use efficiency over environments 
revealed significant differences between environments and genotypes for WUm, WUEDM-
Maturity and WUEGrain. The exception was WUa. Environment x genotype interaction was 
also significant for all traits except WUa (Table 3.6). 
 Water use at anthesis (WUa) was significant only among environments and 
significantly higher water use was observed in E4 and E3, followed by E5, E2, E1 and E6. 
The water use at maturity (WUm) was significantly different among environments and was in 
the order: E4 > E3 > E5 > E6 > E1 > E2. Overall water use was highest in 2010 followed by 
2011 and 2009. The water use was dependent on water availability; the more water available 
the more water used.  However, higher water use may not necessarily translate into biomass 
and grain production. This was evident from the fact that E6 used 136 mm less water than E4 
and produced similar biomass and grain yield. Maximum WUEDM-Maturity was determined 
in E6 followed by E5, E4, E1, and the minimum in E3 (E2 was missing for this trait). Highest 
WUEGrain was observed in E6 (less water use) and the lowest in E4 and E3 (higher water use).  
 Genotype differences were not significant for WUa. However, significant differences 
were noted for WUm and among the genotypes tested 2, 3, 5, 6, 7, 8, 9, 10 and 11 used more 
water. The highest WUEDM-Maturity was estimated for genotype 2 and the lowest for 
genotypes 12 and 14. The superior genotypes for WUEGrain were 2, 4, 5 and 6, whereas the 
least water use efficient were the 9, 14 and 15. Overall it is worth noting that genotypes 2, 5 
and 6 used more water and efficiently converted that water to dry biomass and grain at 
maturity, although genotype 5 was efficient at producing grain only due to its shorter stature. 
 Significant environment x genotype interaction showed that genotypes differed in 
their water use at maturity and the efficiency of conversion of extracted water to biomass and 
grain across environments. Across environments E1 to E6, more water was used by 
genotypes 2, 6, 3, 9, 11 and 10, respectively, whereas the least water was used by 11, 14, 5, 5, 
2 and 12.  The genotypes with highest mean WUEDM-Maturity were 6 (E1), 2 (E3, E5, E6) 
and 10 (E4), whereas the least were 9 (E1), 12 (E3), 15 (E4) and 14 (E5, E6). Respective 
maximum mean WUEGrain for all environments (E1-E6) was determined for the genotypes 6, 
5, 5, 4, 2 and 4, and the least for 14, 9, 3, 15, 14 and 14.   
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Table 3.6. Combined analysis of crop water use
1
 and water us efficiency of 15 genotypes, 
2009-2011.  
 
Source of variation d.f. WUa (mm) WUm (mm) 
WUEDM 
Maturity2 
(kg ha-1 mm-1) 
WUEGrain 
(kg ha-1 mm-1) 
   Mean sqare  
Environment 5 107423.02*** 242789.78*** 2434.484*** 402.328*** 
Residual 5 85.97 36.02 6.962 15.647 
Genotype 14 49.61ns 146.67** 50.079*** 8.213*** 
Environment.Genotype 70 47.14ns 113.97*** 19.989*** 3.55*** 
Residual 84 33.78 54.51 7.458 1.329 
Total 179         
      
Genotype   Mean  
1   323.9 bcd  37.46 bcdef  14.99 def 
2   326.1 abc  42.73 a 16.20 abc 
3   330.2 a 37.98 bcde  15.64 bcd  
4   319.4 d 39.16 b 17.05 a 
5   324.7 abcd  36.12 def 16.39 abc  
6   330.5 a 38.71 bc  16.51 ab  
7   327.7 abc 36.62 cdef  14.93 def 
8   329.9 ab 37.59 bcde  15.66 bcd  
9   330.5 a 35.87 def 14.49 fg  
10   327.6 abc 38.24 bcd  15.54 cde  
11   326.3 abc 35.72 ef 15.83 bcd  
12   322.9 cd 35.12 fg 15.47 cde  
13   321.8 cd 37.92 bcde 15.22 def 
14   323.8 cd 32.81 g 14 .00 g 
15   322.6 cd  35.83 def 14.62 efg  
CV (%)       2.8      2.3      7.3      7.4 
 
1 
WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Maturity, water use 
efficiency for dry matter production at maturity (kg ha
-1
 mm
-1
); WUEGrain water use efficiency for grain yield (kg 
ha
-1
 mm
-1
). 
 
2
 = Environment d.f = 4; **, *** indicates significant at P=<0.01, P=<0.001;   ns = Non-significant. 
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It was observed that WUa and WUm did not show significant associations with 
WUEDM-Maturity, WUEGrain and grain yield (Table 3.7). Clearly, water use efficient and 
higher yielding lines are not large users of soil water. WUEDM-Maturity was strongly 
associated with WUEGrain (r = 0.63) and grain yield (r = 0.69). The WUEGrain was strongly 
correlated with grain yield (r = 0.94). The combined heritability of WUEDM-Maturity (H = 
0.60) and WUEGrain (H = 0.57) was moderate. These results suggest that genotypes with low 
water requirement, improved water use efficiency and high yield can be developed. 
 
 
 
 
Table 3.7. Relationships between water use and water use efficiency in15 genotypes, 2009-
2011. 
 
Trait
1
 WUa WUm 
WUEDM 
Maturity 
WUEGrain 
Grain 
yield 
WUa -   0.05% 0.01% 
WUm 0.39 - d.f = 14 0.51 0.64 
WUEDM-Maturity 0.27 0.11 -   
WUEGrain 0.28 -0.07 0.63* -  
Grain yield 0.30 0.20 0.69** 0.94** - 
 
1 
WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Maturity, water use 
efficiency for dry matter production at maturity (kg ha
-1
 mm
-1
), WUEGrain water use efficiency for grain yield (kg 
ha
-1
 mm
-1
); Grain yield (kg ha
-1
). 
 
*, ** indicates significant at P=0.05, P=0.01 
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3.3.2 Combined 2010-2011 (20 genotypes) 
3.3.2.1 Water use and water use efficiency 
The combined analysis of variance for water use and water use efficiency over 
environments revealed significant differences between environments and genotypes and 
significant environment x genotype interaction for WUa, WUm, WUEDM-Anthesis, WUEDM-
Maturity and WUEGrain (Table 3.8). 
Water use at anthesis (WUa) was significantly higher but similar in E4 and E3 
followed by E5 and E6. Water use at maturity (WUm) was significantly different among 
environments and most water was used in E4 followed by E3, E5 and E6. The highest but 
statistically similar WUEDM-Anthesis was observed in E6 and E5, followed by E4 and E3. 
The WUEDM-Maturity and WUEGrain were also significantly different among environments 
and maximum efficiency for both was in the order of E6 > E5 > E4 > E3. It was observed that 
less water was used at anthesis and maturity in E6 and that this water was efficiently 
converted into biomass and grain. 
Genotypes with higher WUa were 5, 17 and 20 and those with low WUa were 1, 4, 6, 
7, 8, 9, 10, 12, 13, 14, 15, 16, 18 and 19. High WUm was recorded for 9, 16, 18 and 19 and 
low WUm in 2, 4, 5, 12, 13 and 14. Genotypic differences in water use were also reported by  
van den Boogaard et al. (1997), Blum (2005), Reynolds et al. (2007b) and Zhang et al. 
(2010). The genotypes with higher WUm had the longest growing period. The superior 
genotypes for WUEDM-Anthesis, WUEDM-Maturity and WUEGrain were 2, 6, 13 and 14; 2; 
and 2 and 4, respectively, whereas the respective least efficient were, 3, 4, 5, 7, 10, 11, 12, 
16, 17, 18 and 19; 11, 12, 14, 16, 17 and 19; and 14, 15 and 19. Overall, genotype 2 used 
more water up to maturity and efficiently converted that water to biomass and grain. 
Maximum water was used by genotypes in September at the onset of milk 
development. The later flowering genotypes used more water during 2009 (r = 0.42) and 
2010 (r = 0.58) and at maturity in 2010 (r = 0.67). Further details of above ground traits will 
be discussed in Chapter 4. Lopez-Castaneda and Richards (1994) also reported that long 
duration cultivars used more water than those of short duration.  
The significant environment x genotype interaction illustrated that over environments 
the genotypes differ in their water use and water use efficiency. Over environments higher 
mean WUa was observed for genotypes, 5 (E3, E5), 20 (E4) and 17 (E6) and lower WUa for 1 
(E3), 2 (E4), 6 (E5) and 12 (E6). For WUm the highest mean water was recorded for 16 (E3), 
17 (E4), 19 (E5) and 10 (E6) and the lowest for 5 (E3, E4), 17 (E5) and 12 (E6). The 
genotypes with maximum mean WUEDM-Anthesis were 2 (E3, E5) and 6 (E4, E6) and  
  
  
4
0 
Table 3.8. Combined analysis of crop water use and water us efficiency of 20 genotypes, 2010-2011. 
 
SOV  d.f. WUa (mm) WUm (mm) 
WUEDM-Anthesis 
(kg ha
-1
 mm
-1
) 
WUEDM-Maturity 
(kg ha
-1
 mm
-1
) 
WUEGrain 
(kg ha
-1
 mm
-1
) 
                                      Mean square  
Environment 3 173668.5*** 195500.2*** 2614.7*** 4017.4*** 910.9*** 
Residual 3 137.3 24.15 6.04 12.669 6.7656 
Genotype 19 37.29*** 165.31*** 49.1*** 53.204*** 3.6585*** 
Environment.Genotype 57 31.67*** 115.52*** 28.47*** 18.253** 2.1615*** 
Residual 76 11.41 27.28 11 9.806 0.6213 
Total 159           
       
Genotype                                       Mean  
1  228.4 cd  369.7 efgh  35.36 bc  38.75 bcde  15.12 cdef  
2  229.3 bc  366.4 ghi 37.25 ab 45.29 a 16.37 ab 
3  229.6 bc  373.1 bcde 31.27 e 39.12 bcd 15.47 cde 
4  227.7 cd  363.7 i  30.99 e 40.1 b 16.65 a 
5  234.8 a 366.5 fghi  31.55 de 37.08 bcdefg  15.67 bcd 
6  229 cd 371.7 cdef 39.8 a 39.21 bcd  15.66 bcd  
7  228.3 cd 371.2 defg  33.1 cde 37.45 bcdefg  14.9 defg  
8  228.4 cd 374.6 bcde  34.71 bcd 37.85 bcdef  15.55 cd  
9  227 cd 377.4 ab 34.76 bcd 37.16 bcdefg  15.1 cdefg  
10  227.2 cd 372.8 bcde 33.98 bcde 39.66 bc  15.75 bc  
11  229.3 bc 375.5 bcd 31.47 de 35.77 efgh 15.13 cdef  
12  225.9 d 367.6 fghi 32.37 cde 35.7 efgh 15.25 cdef  
13  228.2 cd 365.8 hi 36.95 ab 38.95 bcd 14.7 efg  
14  227.6 cd 366.3 ghi 36.78 ab 33.06 h 13.72 h 
15  229 cd 370.7 defgh 34.66 bcd 36.28 defg 14.5 fgh  
16  229 cd 380.9 a 31.03 e 35.78 efgh 14.96 defg  
17  233.1 a 373.8 bcde 33.43 cde 35.5 fgh 14.75 efg  
18  227.7 cd 376.7 abc 34.05 bcde 36.84 cdefg 14.73 efg  
19  228.4 cd 375.8 abcd 30.99 e 34.51 gh 14.33 gh  
20  232.6 ab  371.5 cdefg  35.41 bc  38.63 bcde  15.25 cdef  
CV (%)  1.5 1.4 9.8 8.3 5.2 
 
1 
WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Anthesis, water use efficiency for dry matter production at anthesis (kg ha
-1
 mm
-1
); 
WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1
 mm
-1
); WUEGrain water use efficiency for grain yield (kg ha
-1
 mm
-1
);Grain yield (kg ha
-1
) 
**, *** indicates significant at P=0.01, P=0.001 
 41 
  
minimum were 19 (E3), 3 (E4), 11 (E5) and 16 (E6). Maximum mean WUEDM-Maturity was 
determined for the genotypes, 2 (E3, E5, E6) and 10 (E4) and the minimum for 19 (E3, E4) 
and 14 (E5, E6). The superior genotypes for WUEGrain were 5 (E3), 4 (E4, E6) and 2 (E5) and 
those with lower WUEGrain were 19 (E3), 15 (E4) and 14 (E5, E6). 
The combined means of four environments (Table 3.9) showed that WUa did not 
show any significant association with water use efficiency, whereas WUm displayed some 
negative association with WUEDM-Anthesis (r = -0.27), WUEDM-Maturity (r = -0.34) and 
WUEGrain (r = -0.27). It is evident that the genotypes with higher dry matter and 
grainproduction used less water. WUEDM-Maturity was strongly associated with WUEGrain (r 
= 0.79) and grain yield (r = 0.72). The WUEGrain was strongly associated with grain yield (r = 
0.93). The heritability estimates for 2010-2011 were low for WUEDM-Anthesis (H = 0.42) 
and WUEGrain (0.41), and higher for WUEDM-Maturity (0.66). These studies identified several 
genotypes (e.g. 2, 4, 5 and 10) with improved water use efficiency. 
 
 
 
Table 3.9. Relationships between water use and water use efficiency in 20 genotypes, 2010-
2011. 
Trait
1
 WUa WUm 
WUEDM 
Anthesis 
WUEDM 
Maturity 
WUEGrain 
Grain 
yield 
WUa -    0.05% 0.01% 
WUm -0.05 -  d.f = 18 0.44 0.56 
WUEDM-Anthesis -0.11 -0.27 -    
WUEDM-Maturity 0.02 -0.34 0.34 -   
WUEGrain 0.10 -0.27 -0.05 0.79** -  
Grain yield 0.08 -0.01 -0.04 0.72** 0.93** - 
 
1 
WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-
Anthesis, water use efficiency for dry matter production at anthesis (kg ha
-1
 mm
-1
); WUEDM- 
Maturity, water use efficiency for dry matter production at maturity (kg ha
-1
 mm
-1
), WUEGrain 
water use efficiency for grain yield (kg ha
-1
 mm
-1
); Grain yield (kg ha
-1
). 
 
** indicates significant at P=0.01 
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3.4 Discussion 
 Improvement of water use efficiency of wheat has important implications for 
improving yield under drought and conserving water in the absence of drought for both 
economic and environmental benefits (Nagesh 2006). Water use efficiency is often discussed 
in relation to plant performance under water limiting and non-limiting conditions. In the 
present study soil water content, water use and water use efficiency (dry matter and grain) of 
diverse wheat genotypes were measured for three consecutive years at Narrabri. The growing 
seasons were extremely variable with different rainfall and temperature patterns. The wettest 
environments with the coldest temperatures and highest humidity were in 2010.  
 The current study did not account for water use from deeper soil profiles. If 
measurements of changes in soil water content deeper in the profile had been possible, it 
might have influenced genotypic variation in WUE. The results of present studies are 
discussed in this section. 
 
3.4.1 Water use 
Plant water use was dependent on soil water availability, with greater water use 
observed when more soil water was available. The water use was highest in 2010 due to 
higher in season rainfall compared to 2011 and 2009 (the driest year). However, the higher 
water use was not necessarily translated into more biomass and grain.  This was evident from 
the fact that E6 used 136 mm less water than the E4 and produced similar biomass and grain 
yield. Maximum water was used by genotypes in September at the onset of milk 
development. The genotypes with later anthesis tended to use more water during 2009 (r = 
0.42) and 2010 (r = 0.58) and at maturity in 2010 (r = 0.67). Lopez-Castaneda and Richards 
(1994) also reported that long duration cultivars use more water than short duration cultivars.  
 
3.4.2 Water use efficiency 
Water use efficiency varied over environments. The maximum dry matter and grain 
WUE was observed in those environments with less rainfall. The reduction of water use 
efficiency in E3 and E4 was due to the luxuriant supply of surplus water that was not 
converted into the biomass and grain, whereas in E5 and E6 the available water was used 
very efficiently resulting in high water use efficiency. Similarly, total water use was 50 
percent lower in 2009 compared to 2010 but water use efficiency for grain production was 39 
% higher. This supports the findings of Abbate et al. (2004) who studied different water 
regimes and found higher WUE under rainfed conditions (where water was less available). 
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Gregory (2004) concluded that the scope for reducing soil evaporation (and hence increasing 
water use efficiency) was greatest on clayey soils with frequent rain showers and low 
evaporative demand and least on sands with infrequent rain and high evaporative demand. 
The current study confirmed these findings as higher WUE was observed on soil with higher 
clay content (experiments conducted in 2011) compared to the sandy loam used in 2009. 
The genotypes in the current study could be classified based on their water use 
efficiency. The superior genotypes for WUEDM-Maturity and WUEGrain were 2, 4, 5, 6 and 10 
whereas the least efficient were 14, 15, 17 and 19. All the WUE genotypes were synthetic 
derivatives. These materials were developed by crossing primary synthetics, derived from 
crosses between durum wheat and Aegilops tauschii, with adapted hexaploid wheat 
genotypes.  The improved water use efficiency of these synthetics was also attributed to their 
improved root architecture, further detail is mentioned in Chapter 5. Reynolds et al. (2007b) 
reported that the superior performance of synthetic derived lines was due to increased 
partitioning of root mass to deeper in the soil profile and increased ability to extract water 
from depth. Higher WUE (biomass) of synthetic genotype 6 used in this study was also 
reported by Reynolds and Trethowan (2007) over its recurrent parent genotype 9 resulting 
from higher water use due to more root mass at depth and increased biomass. The water use 
of the least efficient genotypes was moderate to high but they were unable to convert this 
water into greater dry matter and grain. The overall WUEGrain values of 15.5 (2009-2011) and 
15.2 kg ha
-1
 mm
-1
 (2010-2011) in the present study are similar to  earlier reports on winter 
wheat (Zhang et al. 2005) and spring wheat (Siddique et al. 1990). The genetic diversity 
found for water use efficiency in this study offers the greatest and most consistent 
opportunity for increasing yield (Reynolds and Trethowan 2007). 
 
3.4.3 Relationships 
Higher water use was not associated with higher water use efficiency and grain yield. 
These findings demonstrate that wheat can be improved for both WUE and higher grain 
yield. This result disagree with the findings of Zhang and Oweis (1999), Zhang et al. (2005) 
and Karam et al. (2009) who reported increased grain yield with increased 
evapotranspiration. One of the reasons of lack of relationship between water use and water 
use efficiency in the current study is the potentially greater genetic diversity among the 
materials tested. In addition, these experiments were conducted in relatively cool years where 
the evapotranspiration rate was generally lower than the long-term average.  
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Furthermore the strong relationship observed among WUEDM-Maturity, WUEGrain and 
grain yield contrast with the work of Blum (2009). He argued that selection for high WUE in 
breeding for water limited conditions will mostly result in reduced yield and higher drought 
resistance. However, a strong relationship between WUE and grain yield was reported by 
Zhang and Oweis (1999) and Zhang et al. (2010), thus indicating that higher yielding 
cultivars have the potential to improve WUE thereby saving water. Richards et al. (1993) 
suggested that genetic improvements in WUE for biomass will increase transpiration 
efficiency (ratio of biomass to transpiration). In the present study the genotypes showed 
maximum transpiration efficiency as revealed by the lack of relationship between water use 
and WUE for biomass production. Water use efficiency was under genetic control and the 
heritability in different environments for WUE ranged from moderate to high.  
 
3.4.4 Implications 
This study identified several genotypes with improved water use efficiency and grain 
yield. The cultivars with higher WUE may be most suitable for the environments where water 
is the most limiting factor (van den Boogaard et al. 1997). Early maturity was also an 
important factor in conferring superior WUE. Earliness has specific implications for drought 
prone environments as short duration genotypes can escape the onset of the terminal drought. 
The high WUE genotypes identified in the current study can be used to develop more 
efficient cultivars that increase grain yield per unit of water used, thus improving farmer 
income in both dry and wetter years. To develop cultivars suitable for water scarce 
environments, mapping QTLs conferring WUE and the implementation of DNA markers in 
plant breeding programs using marker assisted selection could be a useful approach (Xing et 
al. 2007). It is evident that improving water use efficiency and yield under water deficit 
conditions will play an increasingly important role in increasing crop productivity (Tuberosa 
2004). 
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4. Physiological basis of yield variation 
 
4.1 Introduction 
 Breeding for improved productivity in crops is mostly based on selection for higher 
grain yield, however the rate of genetic gain is constrained by low heritability. To overcome 
this problem indirect selection for morpho-physiological traits that have a higher heritability 
than grain yield can be employed.  However, the relationship of grain yield to physiological 
traits is not clearly understood (Boyer 1996). Several workers have reported a number of 
physiological traits that have potential to improve the adaptation and productivity of crops 
under diverse environmental conditions. Hence physiological plant breeding could be a way 
to further improve yield. The implication of physiological approaches to crop breeding was 
discussed by Loss and Siddique (1994), Reynolds et al. (1994), Fischer et al. (1998), 
Frederick and Bauer (1999), Acevedo et al. (1999), Reynolds et al. (2001b), Condon et al. 
(2007) and Christopher et al. (2008). 
Initially there was doubt about the efficacy of combining different physiological traits 
as an increase in one trait may result in a decrease in another. However, evidence indicates 
that it is feasible to combine different traits through crossing as some parental lines with good 
yield productivity under drought stress, such as Weebill 1 and Jun/Gen, already express 
combined traits (Trethowan and Reynolds 2007). 
The physiological parameters to be considered as potential selection targets for 
improving yield must have a genetic association with yield with higher heritability than yield, 
moreover ideal parameters are those whose measurement is fast, precise and inexpensive 
(Tuberosa 2004). Nevertheless, the precise physiological basis for the genetic gain in yield 
potential is not known as the physiological processes controlling wheat yield have changed 
during the course of yield improvement and new cultural practices have changed how these 
processes affect wheat growth and development (Frederick and Bauer 1999).  
Processes with significant effect on wheat growth and development include nutrient 
uptake and metabolism, photosynthesis and respiration, carbon partitioning, leaf senescence 
and plant water relations (Frederick and Bauer 1999). More recently it has been suggested 
that stem carbohydrate, water use efficiency, transpiration and water extraction ability at 
depth if combined in high yielding backgrounds can increase yield by more than 30% under 
drought (Reynolds and Condon 2007). 
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The use of canopy temperature as a selection tool has increased in plant breeding. The 
higher the transpiration rate the more leaves will cool. The aim is to select the genotypes that 
maintain lower canopy temperature than others in the same environment. Relatively lower 
canopy temperature reflects the ability of the plant to take up moisture and maintain water 
status. Canopy temperature depression (CTD) is a successful and easy to measure tool for 
screening superior wheat genotypes under drought and a positive relationship between yield 
and canopy temperature has been reported (Blum et al. 1989; Fischer et al. 1998; Reynolds et 
al. 1999; Kumari et al. 2007; Lopes and Reynolds 2010; Elbashier et al. 2012). Higher 
canopy temperature pre-flowering was associated with reduced plant height and greater 
harvest index and grain yield with no effect on above-ground biomass, whereas cooler 
canopies post-flowering were associated with higher above-ground biomass, greater grain 
number and increased grain yield (Rebetzke 2013). It has been suggested that when selecting 
genotypes on the basis of canopy temperature variation in development and canopy 
architecture must be taken into account. 
Al-Hakimi et al. (1996) stressed the use of carbon isotope discrimination as an 
indirect selection criteria in plant breeding programmes because it has high heritability, 
negative correlations with yield and biomass and strong associations with other morpho-
phenological traits.  
Calderini et al. (1999) demonstrated that among the components of grain yield the 
increase in grain number per unit area and grain weight are more important than other 
components. The number of kernels per meter
 
square is determined by the number of kernel 
bearing tillers per meter
 
square and the number of kernels per spike (Frederick and Bauer 
1999). The lack of association between kernel weight and yield indicates that there has been 
little success in simultaneously increasing both kernel number per meter
 
square
 
and kernel 
weight in wheat (Frederick and Bauer 1999). Wheat breeders have increased grain yield and 
reduced plant height. The reduction  in plant height reflects deliberate selection for lodging 
resistance, which is known to be positively associated with shorter stems (Calderini et al. 
1999).  
Strategic attempts to alter the plant architecture of wheat to break the productivity 
barrier has resulted in new plant types with higher 1000 grain weight (45-50g), higher grain 
number per spike (90-100), greater biomass, thick, broad, semi erect and dark green leaves, 
thick stem, reduced plant height and good root system, moreover efforts are underway to 
increase the productive tillers and resistance to diseases in these wheats (Singh et al. 2007b). 
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The objective of the current study was to; (i) characterize diverse wheat genotypes for 
agronomic and physiological parameters related to improved grain yield under varying 
environments, (ii) identify the plant traits that explain improved water use efficiency in 
wheat, (iii) quantify genetic variability, (iv) determine the influence of environments on 
different plant traits (genotype x environment interactions), and (vii) develop indirect 
selection criteria for WUE and grain yield. 
 
4.2 Materials and methods 
The experiments described in chapter 3 were used here to study the genotypic 
variation in agronomic and physiological traits and their contribution to yield. The above-
ground parameters are discussed in this chapter and the below-ground parameters will be 
discussed in Chapter 5. 
 
4.2.1 Physiological and agronomic measurements 
Each year genotypes were tested in two environments (high and low moisture, 
respectively); E1 and E2 (2009), E3 and E4 (2010) and E5 and E6 (2011). More details are 
given in the previous chapter. Data were recorded on the following parameters in experiments 
conducted between 2009 and 2011. Due to unavoidable circumstances the low moisture trial 
sown in 2009 was harvested before the data could be recorded on some parameters at 
maturity.  
 
4.2.1.1 Whole plant parameters 
4.2.1.1.1 Days to heading 
Days to heading were recorded from the date of sowing to the date when heading 
occurred in 50% of plants. 
 
4.2.1.1.2 Days to maturity 
Days to maturity were recorded from the date of sowing to the date when 90% of the 
plants reached physiological maturity. 
 
4.2.1.1.3 Plant height 
Height of the main tiller was recorded at maturity in centimetres from the ground to 
the top of spike excluding awns. 
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4.2.1.1.4 Biomass at anthesis and maturity 
Three rows of one meter each (equivalent to 1 m
2
 area) were harvested from ground 
level at anthesis and at maturity. As anthesis date varied among genotypes the biomass of 
individual genotypes was harvested at Zadok Z69 – Z70 followed by absolute drying at 50 
O
C 
in a dehydrator (Hurricane, Forced Air Heating, WESSBERG & TULANDER, Sydney, 
Australia). The dry biomass was then weighed and converted into kg ha
-1
 for analysis. 
 
4.2.1.1.5 Number of tillers 
Productive tillers for each genotype were counted from the biomass taken from the 1 
m
2
 area at maturity and the mean for each plot used for subsequent analyses. 
 
4.2.1.1.6 Grain yield per m
2
 
The biomass harvested at maturity from the 1 m
2
 area was thrashed with a Hand 
Thrasher (General Engineering) supplied by Kingaroy Engineering Works Pty LTD and grain 
yield was recorded and expressed as g/m
2
. 
 
4.2.1.1.7 Harvest Index 
Harvest index (%) was computed by dividing grain yield per m
2
 with biomass 
harvested at maturity multiplied by 100. 
 
4.2.1.1.8 Grain yield 
At maturity plots were harvested using a combine harvester and grain yield (g) was 
measured and converted into kg ha
-1
. 
 
4.2.1.1.9 Drought Susceptibility Index (DSI) 
A Drought Susceptibility Index was determined during 2009 only because no drought 
stress was observed during the subsequent years. 
The Fischer and Maurer (1978) drought susceptibility index (DSI) of each genotype 
for the stress treatment was calculated as: 
DSI = (1-Ys/Yi)/(1-Xs/Xi) 
Where Ys = yield under stress treatment; Yi = yield without stress; Xs and Xi = average yield 
over all genotypes under stress and non-stress treatments, respectively. 
Drought Intensity Index for the experiment (DII) was calculated as: 
DII = (1-Xs/Xi) 
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4.2.1.1.10 Normalized difference vegetation index (NDVI) 
To observe differences between genotypes and environments for biomass production, 
NDVI was recorded at milk stage during 2009 and at different growth stages during 2010 and 
2011 using a Hand Held GreenSeeker
®
 (NTech Industries, Canada). 
 
4.2.1.1.11 Canopy cover (Digital imaging) 
Canopy cover (%) was recorded during 2011 in environment 1 at the 3 leaf stage, 4 
leaf stage/early tillering and at mid-tillering. The protocol was followed as outlined at 
http://www.pi.csiro.au/canopy_cover/ and stated below: 
The crop canopy cover was estimated by taking a photo with a digital camera (DSC-
H50, Sony Corp., Japan) by pointing directly downwards above the crop canopy from a 
height of about 1 meter. The image was transferred from the camera to a PC and uploaded 
into the canopy cover program (downloaded from http://www.pi.csiro.au/canopy_cover/ 
CanopyCover_setup.zip.) as an input file. The software provided an estimate of canopy cover 
on a 0-1 scale. 
The digital imaging was stopped from the stem elongation stage as no bare soil was 
observed (equivalent to 100% canopy cover) in any of the genotypes under study. 
 
4.2.1.1.12 Chlorophyll content 
In 2010, the flag leaves of ten random plants were tagged in each plot and chlorophyll 
content was recorded at anthesis, dough and ripening stages using a chlorophyll meter (SPAD 
502 Plus, Konica Minolta Sensing Inc. Japan). During 2011 chlorophyll content was recorded 
on 10 of the longest and most expanded leaves at 4 leaf/early tillering, booting and milk 
stages of development with the same instrument. 
 
4.2.1.1.13 Canopy temperature depression (CTD) 
A hand held infrared thermometer (TN425LC, ZyTemp, China) was used to measure 
canopy temperature, Tc (°C) on sunny, calm days between 11.00 h and 15.00 h. 
Measurements were started when the crop canopy was close to 100% cover. The thermometer 
was held 0.5 m away from the edge of the plot and 1 m above the canopy at an angle of 
approximately 30º to the horizontal for measurement. Caution was taken to ensure bare soil 
did not confound readings. At each recording, all genotypes in all replications were measured 
within 30 to 60 minutes.  
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In 2010, the canopy temperature was recorded at milk and dough development with 
10 measurements (5 readings from each side of the central rows) recorded in each plot. The 
readings were then averaged for each plot. In 2011, the thermometer gun was moved over 
three central lines of the plot in a zig zag fashion at anthesis and the mean data was recorded. 
Relative humidity and the air temperature (Ta) at the time of measurement of canopy 
temperature were recorded for each replication using a Portable Weather Meter (Kestrel 
3500, USA). Canopy temperature depression (CTD) was computed as CTD = Ta – Tc, where 
Ta was the air temperature and Tc the canopy temperature. CTD data was then used for the 
statistical analysis. 
 
4.2.1.1.14 Carbon isotope discrimination (∆)  
The carbon isotope discrimination was determined in each environment during 2010 
and 2011. Leaves were collected at 40 (2010) and 34 (2011) DAS (days after sowing) from 
each environment. For each genotype, 30-40 leaves representing the second and third leaves 
from the top of the plant were used for this purpose. Similarly at anthesis, 30-40 flag leaves 
were collected at 101 DAS. Leaves were dried immediately in a dehydrator (Hurricane, 
Forced Air Heating, WESSBERG & TULANDER, Sydney, Australia) at 60 
O
C for 72 hours. 
The dried leaves and grains were ground to fine powder using a portable grinder. The 
samples were transferred to 2 ml eppendorf tubes for further analysis. 
The carbon isotope discrimination analysis was conducted as described by Akhter et 
al. (2010) and stated here as follows:  
The carbon isotopic ratio (R=
13
C/
12
C) of the samples (Rsample) and standard (Rstandard) was 
determined using an isotope ratio mass spectrometer (GD 150, MAT, Germany). R values 
were converted to δ13C (in ‰ or per ml) using the relationship: 
δ13C (‰) = [Rsample/Rstandard-1] x 1000 
The standard is the CO2 obtained from a limestone from Pee Dee Belmenite “PDB” 
formation in South California, USA. The δ13C values were converted to carbon isotope 
discrimination (Δ) values using the relationship established by Farquhar et al. (1989): 
Δ (‰) = (δ13Ca - δ
13
Cp)/(1 - δ
13
Cp/1000) 
Where a and p represent air and plant, respectively. To convert δ13C values to Δ values, -8.00 
‰ for air (Keeling et al. 1979) was substituted in these calculations. The carbon isotope 
discrimination in early leaf, flag leaf at anthesis and in the grain will hereafter be referred to 
as ΔLe, ΔLa and ΔG, respectively. 
 
 51 
  
4.2.1.2 Flag leaf traits 
Ten flag leaves from mother shoots were collected at random from each genotype at 
anthesis (Z50 – Z71) and kept at 4 ᴼC. The leaves were then sampled to record data before 
loss of turgidity and the data was then averaged over the replicates. 
 
4.2.1.2.1 Leaf area 
In 2009 and 2010, the flag leaf area (cm
2
) of mother shoots was measured using a leaf 
area meter (ΔT Area Meter MK2, Area Measurement System, Delta-T Devices Ltd, Burwell, 
Cambridge, England), whereas, in 2011 the leaf area was recorded with a  Portable Area 
Meter (Model LI-3000C, PAM-3054, LI-COR
®
, USA) attached to a Transparent Belt 
Conveyer Accessory (LI-COR
®
, LI-3050C, USA). 
 
4.2.1.2.2 Leaf length 
Leaf length was measured using a ruler during 2009 and 2010, whereas in 2011 the 
leaf length was recorded with a  Portable Area Meter (Model LI-3000C, PAM-3054, LI-
COR
®
, USA) attached to a Transparent Belt Conveyer Accessory (LI-COR
®
, LI-3050C, 
USA). 
 
4.2.1.2.3 Leaf width  
Leaf width was measured at the maximum width of the leaf in centimetres using a 
ruler. 
 
4.2.1.2.4 Leaf weight 
Leaf fresh weight was recorded in 2009, whereas during 2010 and 2011 leaves were 
dried in a dehydrator (Wesmartin Pty Ltd, Padstow, NSW, Australia) at 60 
O
C to a constant 
moisture and dry leaf weight was recorded.   
 
4.2.1.2.5 Specific leaf weight 
Specific leaf weight (mg/cm
2
) was determined as the ratio of leaf weight to leaf area. 
 
4.2.1.2.6 Specific leaf area 
Specific leaf area (cm
2
/mg) is the inverse of the specific leaf weight. 
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4.2.1.2.7 Leaf chemical analysis 
Flag leaves were collected 101 DAS at anthesis  during 2010 and 2011 and dried in a 
dehydrator (Wesmartin Pty Ltd, Padstow, NSW, Australia) at 60 ᴼC to a constant weight. The 
dried leaves were ground to fine powder using a portable grinder and 5 g of each sample was 
sent to CSBP Soil and Plant Analysis Laboratory, Bibra Lake, WA, where the samples were 
analysed for the following trace elements: 
Boron (mg kg
-1
), Calcium (%), Copper (mg kg
-1
), Iron (mg kg
-1
), Magnesium (%), 
Manganese (mg kg
-1
), Phosphorus (%), Potassium (%), Sodium (%), Sulphur (%), Total 
nitrogen (%), Zinc (mg kg
-1
). 
 
4.2.1.2.8 Gas exchange parameters 
The gas exchange parameters i.e, photosynthetic rate, A (µmol m
-2
 s
-1
), stomatal 
conductance, gs (mol m
-2
 s
-1
), leaf intrinsic WUE, A/gs (µmol CO2 mol
-1 
H2O) and 
intercellular CO2 concentration, Ci (µmol CO2 mol
-1
) or ratio of internal CO2 concentration to 
ambient CO2 concentration, and Ci/Ca were measured during 2009 and 2011 on sunny days 
with low wind speed between 11.00 h and 1600 h. Leaf intrinsic WUE was determined as the 
ratio of A to gs following Barbour et al. (2011). 
In 2009, data were recorded on 15 genotypes sown in two replicates using a Portable 
Photosynthesis System (LI-6400, LI-COR
®
, USA) and Leaf Chamber Fluorometer (Model 
6400-40, LI-COR
®
, USA) 84 DAS at booting  in the high moisture environment, whereas  
data capture in the low moisture environment was unavoidably delayed and was recorded 115 
DAS at dough/ripening stage. 
In 2011, a subset of contrasting genotypes was selected based on grain yield and field 
WUE and subsequently used for gas exchange studies at different growth stages in 
environment 1. The latest model of the Portable Photosynthesis System (LI-6400XT, LI-
COR
®
, USA) and Leaf Chamber Fluorometer (Model 6400-40, LI-COR
®
, USA) was used in 
this study.  
The initial data were recorded on 5 genotypes in 3 replicates (total 15 plots) on the 
19
th
 and 20
th
 August (69-70 DAS) at tillering stage. Using three LI-COR
®
 systems, the 15 
plots were assessed 10 times and each time one fully expanded leaf was used for 
measurements. Likewise, the next day all 15 plots were measured 10 times with the three LI-
COR
®
 systems. The mean data were used in subsequent analyses.  
The second set of data was recorded on 8 genotypes in three replicates (total 24 plots) 
on the 4
th
 and 5
th
 September (86-87 DAS) at booting. All plots were assessed five times in 
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two days using a single leaf for measurement each time. The data was averaged over all 
measurements and the means used for subsequent analyses. 
The third set of data was recorded in both environments on the same 8 genotypes in 
three replicates on the 11
th
 October (123 DAS) at late milk development. Two leaves were 
measured in each plot and the mean data was used for subsequent analysis. 
 
4.2.1.3 Spike parameters 
Ten spikes from the primary tiller per replication per genotype were collected at 
random during 2009, whereas 6 and 5 were collected during 2010 and 2011, respectively. 
Detailed data on spike parameters were then estimated as follows. 
 
4.2.1.3.1 Awn length 
The length of the awns was measured from the centre of the spike in centimetres 
using a ruler. 
 
4.2.1.3.2 Spike length 
The spike length was measured in centimetres from the base of the first fertile spikelet 
to the tip of the spike excluding awns. 
 
4.2.1.3.3 Spikelet density 
Spikelet density was determined as the ratio of number of spikelets per spike to spike 
length. 
 
4.2.1.3.4 Number of spikelets per spike 
Number of spikelets was counted excluding the sterile spikelets at the base of the 
spike. 
 
4.2.1.3.5 Number of grains per spike 
Spikes were thrashed manually with a wooden hand thresher and the number of grains 
was counted. The data was then averaged over the spikes to determine the number of grains 
per spike for the given genotype. 
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4.2.1.3.6 Single spike weight 
The weight of all the spikes was measured in grams and then averaged to obtain 
single spike weight per plot. 
 
4.2.1.3.7 Grain weight per spike 
Grain weight of spikes was measured in grams and then averaged to obtain grain 
weight per spike per plot. 
 
4.2.1.3.8 Number of kernels per spikelet 
Number of kernels per spikelet was determined as the ratio of number of grains per 
spike to number of spikelets per spike. 
 
4.2.1.3.9 1000 grain weight 
The grains obtained from spikes were counted (ranged from 200-500) and weighed in 
grams and multiplied with 1000 to obtain thousand grain weight. 
 
4.2.2 Statistical analysis 
Analysis of variance was carried out for each trait separately for each year using the 
general analysis of variance procedure of GenStat statistical software, version 14.1 (Payne et 
al. 2011). The combined analysis was conducted to examine the differences among the six 
contrasting environments. The treatment means were compared by the Fisher's protected least 
significant difference test at P < 0.05. Relationships among parameters were computed using 
Pearson’s simple correlation test of GenStat (Payne et al. 2011).  
Heritability (H) was calculated as described by Sanguineti et al. (2007) on a mean 
basis across three replications according to the following: 
H = σ2G/ (σ
2
G + σ
2
E/r) 
Where σ2G and σ
2
E represent the genotypic and the environmental components of the 
phenotypic variance, respectively, and r is the number of replications. 
 Multiple regression analysis was conducted on the means of the traits available for 
combined analysis by using the General Linear Regression and Forward Selection procedure 
of GenStat, version 14.1. 
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4.3 Results  
4.3.1 Combined analysis of environments 
4.3.1.1 Whole plant parameters 
4.3.1.1.1 Agro-physiological traits 
4.3.1.1.1.1 Combined 2009-2011 (15 genotypes) 
To study the trend among environments (E1-E6) the data was subjected to analysis 
over environments (Table 4.1). The analysis of variance indicated significant differences for 
environments, genotypes and environment x genotype interaction for all traits except 
environment effects for tiller number. The longest vegetative period, highest NDVI, tallest 
plants and greatest biomass at maturity were observed in E4 due to above average and timely 
rainfall in 2010. Tiller number, harvest index and grain yield were also high in E5 and E6 due 
to above average rainfall in 2011. Genotypes 2, 5, 6 and 8 were among the highest yielding 
across all environments and had the highest NDVI at milk development.   
NDVI (r = 0.68) and biomass at maturity (r = 0.30) were associated with higher water 
use at anthesis (Table 4.1). Similarly late developing genotypes with higher NDVI (r = 0.68) 
and biomass at maturity (r = 0.37) used more water at maturity. However, this relationship 
reversed for harvest index (r = -0.51). NDVI (r = 0.56), plant height (r = 0.64) and biomass at 
anthesis (r = 0.93) were positively associated with WUEDM-Maturity whereas harvest index 
was negatively related (r = -0.51). Early developing genotypes with higher NDVI (r = 0.38) 
and biomass at anthesis (r = 0.50) generally had higher WUEGrain. NDVI (r = 0.54) and 
biomass at maturity (r = 0.65) showed a significant positive association with grain yield 
whereas earliness (r = -0.35) and plant height (r = 0.34) were weakly associated. Harvest 
index did not correlate with plot yield (kg ha
-1
) but was weakly associated with grain yield 
per meter square (r = 0.35). 
 
4.3.1.1.1.2 Combined 2010-2011 (20 genotypes) 
 Mean data and mean squares for analysis over environments (E3-E6) for agronomic 
traits assessed during 2010-2011 are presented in Table 4.2. Environments were significant 
for all traits except tiller number and biomass at maturity. Significant genotypic differences 
were found for all traits and environment x genotype interactions were significant with the 
exception of tiller number. The longest vegetative period, latest maturing, tallest plants with 
the greatest biomass at anthesis and maturity were found in E4, whereas maximum tiller 
number and highest harvest index and grain yield were observed in E6. The highest yielding  
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Table 4.1. Mean data, mean squares and relationships for yield and related traits
1
 in 15 genotypes, 
2009-2011. 
Genotype DH NDVI PH TIL BIM HI GRY 
    Mean    
1 96 0.6446 99 292 12219 42.5 4617 
2 95 0.6745 93 341 14090 41.5 5028 
3 90 0.6867 88 377 12427 44.6 4827 
4 89 0.6323 84 339 12446 45.4 5098 
5 85 0.6650 72 348 11974 47.5 4945 
6 97 0.6883 88 326 12956 43.7 5043 
7 99 0.6563 78 388 12408 44.6 4693 
8 102 0.6620 78 422 12570 45.3 4891 
9 100 0.6657 81 385 12367 42.1 4618 
10 96 0.6541 91 327 13075 43.2 4861 
11 93 0.6047 83 358 12130 46.5 4910 
12 93 0.6155 73 405 11473 49.3 4759 
13 97 0.6010 75 377 12413 48.3 4586 
14 98 0.5863 73 349 11042 45.8 4225 
15 93 0.6360 78 354 11780 46.4 4438 
Mean 95 0.6450 82 359 12358 45.1 4769 
SED 0.519 0.0168 0.838 14.13 398.3 1.05 110.3 
      
   Mean square   
Environment 1898.53 
*** 
0.397427 
*** 
7238.642 
*** 
42228 
ns 
238800000 
** 
595.224 
*** 
44632764 
*** 
Genotype 371.626 
*** 
0.017912 
*** 
1169.874 
*** 
16988 
*** 
7503000 
*** 
77.782 
*** 
1052819 
*** 
Environment x 
Genotype 
11.561 
*** 
0.008559 
*** 
27.496 
*** 
2703 
** 
2143000 
** 
19.135 
*** 
317112 
*** 
   Correlations   
WUa -0.15 0.68** -0.03 -0.04 0.30 -0.16 - 
WUm 0.42 0.68** 0.23 0.24 0.37 -0.51* - 
WUEDM-Maturity -0.07 0.56* 0.64** -0.26 0.93** -0.51* - 
WUEGrain -0.51* 0.38 0.23 -0.17 0.50 0.02 - 
GRY 
 
-0.35 
 
0.54* 
 
0.34 
 
-0.08 
(0.22) 
0.65** 
(0.48) 
-0.17 
(0.35) 
- 
 
 
1 DH, days to heading; NDVI, normalized difference vegetation index; PH, plant height (cm); TIL, tillers; BIM, biomass at 
maturity (kg ha-1); HI, harvest index (%); GRY, grain yield (kg ha-1) of whole plot; WUa, crop water use at anthesis (mm); 
WUm, crop water use at maturity (mm); WUEDM-Maturity, water use efficiency for dry matter production at maturity  (kg ha
-
1 mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1). Values in parenthesis are correlations with grain yield 
(g/m2), as these traits were measured from one square meter area. 
 
*, **, *** indicates significant at P=0.05, P=0.01, P=0.001; ns = Non-significant 
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Table 4.2. Mean data, mean squares and relationships for yield and related traits
1
 in 20 genotypes, 
2010-2011. 
Genotype DH DM PH TIL BIA BIM HI GRY 
    Mean     
1 99 148 109 306 7741 13166 43.5 5228 
2 98 147 102 335 8149 15263 41.2 5693 
3 94 151 95 389 6433 13241 45.2 5320 
4 93 144 92 337 6650 13248 45.3 5596 
5 88 140 78 362 6973 12709 48.4 5439 
6 103 154 96 335 8218 13726 44.2 5463 
7 103 154 84 403 7120 13325 45.1 5151 
8 106 154 83 440 7407 13367 45.5 5466 
9 105 154 88 403 7386 13497 42.4 5360 
10 98 148 99 336 7326 14201 44.8 5610 
11 96 147 89 377 7115 13013 47.5 5366 
12 99 150 80 419 6894 12262 49.6 5293 
13 101 150 82 391 7817 13243 49.2 5020 
14 102 149 80 354 7796 11638 46.5 4768 
15 98 150 86 360 7767 12515 47.1 5016 
16 105 155 86 455 6647 13200 44.2 5381 
17 105 154 85 485 7182 12648 46.6 5118 
18 104 155 78 384 7215 13003 47.3 5199 
19 107 156 84 510 6650 12390 44.5 4938 
20 99 147 99 341 8006 13620 47.8 5368 
Mean 100 150 89 386 7325 13164 45.8 5290 
SED 0.506 0.529 0.845 17.02 306.6 490.0 1.24 114.5 
         
   Mean square    
Environment 237.23 
** 
413.90 
*** 
3569.1 
*** 
40681 
ns
 
61103572 
** 
11930000 
ns
 
962.4 
*** 
21148495 
* 
Genotype 278.68 
*** 
217.83 
*** 
890.49 
*** 
34936 
*** 
3395913 
*** 
6877000 
*** 
57.58 
*** 
677132 
*** 
Environment x 
Genotype 
8.02 
** 
9.825 
*** 
20.184 
*** 
2334 
ns
 
1460190 
*** 
2186000 
* 
21.59 
*** 
284494 
*** 
   Correlations    
WUa -0.33 -0.38 0.02 0.03 0.04 0.01 0.21 - 
WUm 0.58** 0.67** -0.07 0.53* -0.29 0.02 -0.25 - 
WUEDM-Anthesis 0.25 0.11 0.29 -0.46* 0.94** 0.33 -0.19 - 
WUEDM-Maturity -0.32 -0.31 0.65** -0.53* 0.35 0.90** -0.46* - 
WUEGrain -0.50* -0.43 0.48* -0.39 -0.05 0.70** -0.32 - 
GRY 
 
-0.37 
 
-0.34 
 
0.48* 
 
-0.35 
(-0.33) 
-0.01 
(0.32) 
0.77** 
(0.54*) 
-0.36 
(0.37) 
- 
 
 
1 DH, days to heading; DM, days to maturity; PH, plant height (cm); TIL, tillers; BIA, biomass at anthesis (kg ha-1); BIM, 
biomass at maturity (kg ha-1); HI, harvest index (%); GRY, grain yield (kg ha-1) of whole plot; WUa, crop water use at 
anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Anthesis, water use efficiency for dry matter production at 
anthesis (kg ha-1 mm-1); WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1 mm-1); 
WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1). Values in parenthesis are correlations with grain yield (g/m2), 
as these traits were measured from one square meter area. 
 
*, **, *** indicates significant at P=0.05, P=0.01, P=0.001; ns = Non-significant 
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genotypes were 2, 4 and 10 and of these genotype 2 was also the tallest and with the highest 
biomass at anthesis and maturity. 
No significant associations were found between agronomic traits and water use at 
anthesis, whereas late heading (r = 0.58) and maturing (r = 0.67) genotypes with higher tillers 
(r = 0.53) used more water at maturity (Table 4.2). Low tillering lines (r = -0.46) with higher 
biomass at anthesis (r = 0.94) tended to have higher WUEDM-Anthesis. Similarly, taller plants 
(r = 0.65) with higher biomass at maturity (r = 0.90), lower tiller number (r = -0.53) and 
lower harvest index (r = -0.46) were associated with better WUEDM-Maturity. Early heading 
genotypes (r = -0.50) that matured earlier (r = -0.43), with greater plant height (r = 0.48), 
more biomass at maturity (r = 0.70) and lower tiller number (r = -0.39) tended to have higher 
WUEGrain. Overall, superior grain yield was associated with earliness (r = -0.34), low tiller 
number (r = -0.35), taller plants (r = 0.48) and greater biomass at maturity (r = 0.77). 
The analysis of these traits over environments (E3-E6) showed significant differences 
between environments, genotypes and year x environment interaction for all traits (Table 
4.3). Among the genotypes with higher NDVI, genotypes 2 and 3 also had higher chlorophyll 
content.  Those genotypes that were more efficient at transpiring soil water and therefore 
recorded higher canopy temperature depression (CTD) tended to be synthetic derived (SYN-
DER) genotypes. Overall maximum mean Δ was observed in genotypes 5 and 11, whereas 
minimum in genotypes 9 and 19. Significantly higher NDVI and CTD were observed in E4 
whereas maximum chlorophyll content was found in E5 and E6. ΔLe and ΔLa was 
significantly higher in E1 whereas ΔG was found maximum in E4. Higher CTD at anthesis 
was associated with higher water use at anthesis (r = 0.38). NDVI was positively associated 
with WUEDM-Maturity (r = 0.58), WUEGrain (r = 0.52) and grain yield (r = 0.56). Similarly 
CTD was strongly associated with WUEDM-Maturity (r = 0.59), WUEGrain (r = 0.77) and grain 
yield (r = 0.80). Higher ΔLe was associated with higher water use at anthesis (r = 0.32) and 
higher grain yield (r = 0.33) but these associations were not significant. Genotypes with 
significantly higher water use at maturity had lower ΔLa. No significant association was 
observed between any Δ, WUE and grain yield on the basis of combined results. 
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Table 4.3. Mean data, mean squares and relationships
1
 for normalized difference vegetation index 
(NDVI), chlorophyll content (CHL), canopy temperature depression (CTD, ΔC) and carbon isotope 
discrimination (‰) for early leaf (ΔLe), flag leaf at anthesis (ΔLa) and grain (ΔG) for 20 genotypes, 
2010-2011. 
Genotype NDVI CHL CTD ΔLe ΔLa ΔG 
   Mean    
1 0.7005 41.8 5.9 20.28 20.00 18.07 
2 0.7365 50.1 6.7 20.57 20.25 17.98 
3 0.7436 49.9 6.1 20.50 20.02 18.00 
4 0.6494 48.5 6.8 20.46 20.08 18.25 
5 0.7133 45.3 6.4 21.45 20.56 18.41 
6 0.7054 47.4 6.7 20.96 19.88 18.71 
7 0.7131 47.8 6 20.68 19.36 18.30 
8 0.6924 48.0 6.1 20.36 19.93 18.83 
9 0.7167 49.2 6.1 20.34 19.32 18.40 
10 0.7042 51.2 6.2 21.13 20.49 18.53 
11 0.6300 48.4 6.4 20.96 20.57 18.79 
12 0.6639 49.5 5.6 20.93 20.34 18.60 
13 0.6297 46.8 5.8 20.38 20.49 18.59 
14 0.6102 47.5 5.2 20.61 20.46 18.26 
15 0.6695 47.5 5.8 20.35 20.48 18.24 
16 0.6759 48.0 6.6 20.52 20.10 17.85 
17 0.6535 47.6 6.1 20.74 19.97 18.04 
18 0.6484 47.8 5.8 20.40 19.83 18.18 
19 0.6678 49.2 5.9 20.26 19.39 17.85 
20 0.6996 49.3 6.6 20.35 20.09 18.49 
Mean 0.6812 48.04 6.1 20.61 20.08 18.32 
SED 0.0199 0.67 0.19 0.06 0.054 0.068 
       
   Mean square   
Environment 0.510115*** 327.335*** 164.9062*** 49.8201*** 31.6069*** 39.0760*** 
Genotype 0.016438*** 46.367*** 2.1003*** 1.2581*** 1.8443*** 1.0763*** 
Environment x 
Genotype 
0.008283*** 8.69*** 1.3402*** 0.5186*** 0.48232*** 0.84114*** 
   Correlations   
WUa 0.21 -0.24 0.38 0.32 0.19 -0.11 
WUm 0.11 0.20 0.08 -0.20 -0.45* -0.15 
WUEDM-Anthesis 0.06 -0.15 -0.07 -0.11 0.06 0.30 
WUEDM-Maturity 0.58** 0.17 0.59** -0.02 0.07 0.00 
WUEGrain 0.52* 0.22 0.77** 0.28 0.10 0.16 
GRY 0.56** 0.29 0.80** 0.33 0.09 0.23 
 
 1 WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Anthesis, water use efficiency for 
dry matter production at anthesis (kg ha-1 mm-1); WUEDM-Maturity, water use efficiency for dry matter production at 
maturity (kg ha-1 mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
 
*, **, *** indicates significant at P=0.05, P=0.01, P=0.001 
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4.3.1.2 Flag leaf traits  
4.3.1.2.1 Combined 2009-2011 (15 genotypes)  
The analysis over environments (E1-E6) displayed significant environment and 
genotype differences for all leaf traits (Table 4.4). The analysis over years showed non-
significant environment x genotype interactions, however when analysed over six 
environments the environment x genotype interactions were significant for all leaf traits. The 
non-significant interactions observed earlier were due to the confounding effects of the 
environments within the years. The expression of leaf traits was significantly higher in E4. 
Overall, genotypes 5 and 6 produced the most extreme values for most leaf traits. Maximum 
glaucousness was present in the SYN-DER genotypes 1-6, and 10 followed by genotype 11. 
The leaf traits were recorded at booting/anthesis and higher leaf area (r = 0.49), leaf length (r 
= 0.73), and leaf width (r = 0.40) were associated with higher water use at anthesis. Leaf area 
showed a weak positive association with WUEDM-Maturity (r = 0.25), WUEGrain (r = 0.40) 
and grain yield (r = 0.30). Leaf width and glaucousness were also associated with improved 
WUEDM-Maturity (r = 0.47/46), WUEGrain (r = 0.47/54) and grain yield (r = 0.33/55). 
 
4.3.1.2.2 Gas exchange measurements, 2009 
 The mean values with standard errors for photosynthetic rate (A), stomatal 
conductance (gs), leaf intrinsic WUE (A/gs) and intercellular CO2 concentration (Ci) recorded 
at booting/heading in 15 wheat genotypes in the high moisture environment (E1) during 2009 
are presented in Figure 4.1. Significant genetic variability was found among genotypes for 
photosynthetic rate (6.7 – 14.1). The statistical analysis showed that 13 out of 15 genotypes 
had high and similar photosynthetic rate and intercellular CO2 concentration. Genotypes 1 
and 9 were exceptions. Genotypes also differed in water loss as determined by conductance. 
Genotype 3 with its higher photosynthetic rate (12.9) and low conductance (0.2068) had the 
highest significant leaf intrinsic WUE (63.9). The lowest leaf intrinsic WUE was observed in 
genotype 1 which was a function of low photosynthetic rate and reduced conductance. 
Similary, the reduced leaf intrinsic WUE of genotypes 5, 11 and 14 was due to significantly 
higher water loss through conductance. 
 The relationships between gas exchange traits and biomass, water use, water use 
efficiency and grain yield in E1 during 2009 are presented in Table 4.5. Photosynthetic rate 
was positively correlated with stomatal conductance to water vapour (r = 0.34), mesophyll 
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conductance to CO2 (r = 0.95), leaf intrinsic WUE (r = 0.48) and intercellular CO2 
concentration (r = 1.0). The regression analysis also showed strong association (r
2
 = 0.90)  
Table 4.4. Mean data, mean squares and relationships for leaf traits
1
 in 15 genotypes, 2009-2011. 
Genotype LA LL LW GL 
  Mean   
1 18.3 22.4 1.45 3 
2 24.1 22.2 1.69 3 
3 25.3 23.7 1.65 3 
4 24.4 21.5 1.66 3 
5 25.8 26.4 1.63 3 
6 30.9 26.0 1.78 3 
7 23.2 22.6 1.56 2 
8 19.6 21.0 1.50 2 
9 22.3 22.8 1.43 2 
10 22.8 23.1 1.59 3 
11 20.0 21.4 1.50 3 
12 23.0 22.8 1.49 2 
13 24.4 22.8 1.62 2 
14 22.4 22.1 1.57 2 
15 24.6 22.7 1.68 2 
Mean 23.4 22.9 1.58 3 
SED 1.01 0.54 0.02 - 
     
  Mean square   
Environment 3780.283*** 632.268*** 0.42825*** - 
Genotype 160.194*** 41.18*** 0.172236*** - 
Environment x 
Genotype 
30.851*** 8.654*** 0.014113*** - 
  Correlations2   
WUa 0.49 0.73** 0.40 0.15 
WUm 0.11 0.24 -0.06 0.12 
WUEDM-Maturity 0.25 0.01 0.47 0.46 
WUEGrain 0.40 0.26 0.47 0.54* 
GRY 0.30 0.21 0.33 0.55* 
 
1 LA, leaf area (cm2); LL, leaf length (cm); LW, leaf width (cm); GL, glaucousness 
2 WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Maturity, water use efficiency for 
dry matter production at maturity (kg ha-1 mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain 
yield (kg ha-1). 
 
*** indicates significant at P=0.001 
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Figure 4.1. Photosynthetic rate (A), stomatal conductance (gs), leaf intrinsic WUE (A/gs) and intercellular CO2 concentration (Ci) in 15 wheat  
                   genotypes in E1, 2009.  
       (Standard error bars refer to LSD, P<0.05). 
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Table 4.5. Correlations between gas exchange traits and biomass yield, water use, water use 
efficiency and grain yield in E1, 2009. 
Trait
1
 A gs gm A/gs Ci 
gs 0.38 -    
gm 0.95** 0.34 -   
A/gs 0.48 -0.60* 0.52* -  
Ci 1.00** 0.39 0.94** 0.47 - 
Biomass yield 0.45 -0.01 0.41 0.41 0.46 
WUa 0.14 -0.22 0.12 0.37 0.13 
WUm 0.32 0.02 0.34 0.36 0.32 
WUEDM-Maturity 0.29 -0.01 0.22 0.20 0.30 
WUEGrain 0.43 -0.14 0.38 0.43 0.43 
Grain yield 0.53* -0.15 0.49 0.57* 0.53* 
 
1
 A, photosynthetic rate (µmol m
-2
 s
-1
); gs, stomatal conductance to water vapour (mol m
-2
 s
-1
); gm, mesophyll 
conductance to CO2 (µmol m
-2
 s
-1
); A/gs, leaf intrinsic WUE (µmol CO2 mol
-1 
H2O); Ci, intercellular CO2 
concentration (µmol CO2 mol
-1
); biomass yield (kg ha
-1
); WUa, crop water use at anthesis (mm); WUm, crop 
water use at maturity (mm); WUEDM-Maturity, water use efficiency for dry matter production at maturity  (kg 
ha
-1
 mm
-1
); WUEGrain water use efficiency for grain yield (kg ha
-1
 mm
-1
); Grain yield (kg ha
-1
). 
 
 
 
between photosynthetic rate and mesophyll conductance (Figure 4.2). Stomatal conductance 
and mesophyll conductance showed a weak positive association. Higher conductance was 
associated with lower leaf intrinsic WUE (r = -0.60) and higher intercellular CO2 
concentration (r = 0.39). Mesophyll conductance was correlated with leaf intrinsic WUE (r = 
0.52), and intercellular CO2 concentration (r = 0.94). Higher intercellular CO2 concentration 
contributed to higher leaf intrinsic WUE (r = 0.47). 
Genotypes with higher photosynthetic rate had higher biomass at maturity (r = 0.45), 
used marginally more water by maturity (r = 0.32), higher WUEDM-Maturity (r = 0.29), higher 
WUEGrain (r = 0.43) and superior grain yield (r = 0.53). Conductance did not display any 
describable relationships, whereas genotypes with higher mesophyll conductance were 
associated with higher biomass (r = 0.41), water use at maturity (r = 0.34), WUEGrain (r = 
0.38) and grain yield (r = 0.49). 
Genotypes with higher leaf intrinsic WUE tended to have higher biomass at maturity 
(r = 0.41), WUa (r = 0.37), WUm (r = 0.36), WUEDM-Maturity (r = 0.20), WUEGrain (r = 0.43) 
and grain yield (r = 0.57). The regression analysis showed that leaf intrinsic WUE accounted 
for 32% of the variation in grain yield (Figure 4.3). Intercellular CO2 concentration and    
photosynthetic rate showed absolute association (r = 1.0). 
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Gas exchange measurements were also recorded in the low moisture environment (E2) 
at late dough stage. Due to drought, the senescence of genotypes was advanced and the 
photosynthetic values were therefore too low to be of use. These data were not used in this 
dissertation. 
 
 
 
 
Figure 4.2. Relationship between photosynthetic rate and mesophyll conductance in E1, 2009. 
 
 
 
 
 
Figure 4.3. Relationship of leaf intrinsic WUE (A/gs) with grain yield in E1, 2009. 
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4.3.1.2.3 Combined 2010-2011 (20 genotypes) 
 The combined analysis over environments (E3-E6) for six leaf traits in 20 genotypes 
(Table 4.6) showed significant genotype, environment and genotypes x environment 
interactions for most leaf traits, with the exception of environment and environment x 
genotype effects for specific leaf weight and specific leaf area. The highest values for leaf 
traits were found in E4 followed by E3, E5 and E6. Genotypes 6 and 20 had the most extreme 
leaf trait values of the set tested.  Glaucousness was highest in the SYN-DER genotypes 1–6, 
10 and in the non-synthetic lines 11, 12 and 20. Genotypes with higher leaf width (r = -0.43), 
leaf weight (r = -0.38) and glaucousness (r = -0.30) tended to use less water at maturity. Leaf 
area was significantly associated with WUEDM-Anthesis (r = 0.52) but weakly correlated with 
WUEDM-Maturity (r = 0.30), WUEGrain (r = 0.20) and grain yield (r = 0.17). Longer leaves 
contributed to higher WUEDM-Anthesis (r = 0.52). Leaf width and leaf weight also showed 
positive relationship with WUEDM-Anthesis (r = 0.53/0.53), WUEDM-Maturity (r = 0.49/0.42), 
WUEGrain (r = 0.31/0.26) and grain yield (r = 0.23/0.21). More glaucous genotypes tended to 
have higher WUEDM-Maturity (r = 0.54), WUEGrain (r = 0.67) and grain yield (r = 0.63). 
 
4.3.1.2.4 Leaf chemical analysis 
4.3.1.2.4.1 Combined 2010-2011 (20 genotypes) 
The combined analysis over environments (E3 - E6) for 12 elements [boron (B), 
calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), phosphorus (P), 
potassium (K), sodium (Na), sulphur (S), total nitrogen (N), zinc (Zn)] assessed in the leaves 
of 20 genotypes identified significant environmental differences for all elements except Zn 
(Table 4.7). Significant differences were found among genotypes for all elements and 
environment x genotype interactions were generally significant, the only exceptions being Cu 
and N. The concentrations of most elements were higher in E5 and E6. Genotypes 3, 11, 12, 
16 and 19 produced the highest concentrations of these elements. However, some elements 
such as B, Cu, P, K, S, N and Zn were higher in later maturating genotypes, whereas the 
opposite was observed for Ca, Mg and Mn.  
Higher water use showed significant positive association with N, P and K. WUE 
(based on dry matter at maturity and grain yield) genotypes had significantly lower S and Zn, 
whereas WUE (grain) genotypes had significantly higher Ca and Mg. The elements Ca, Fe, 
Mg and Mn were weakly positively associated with grain yield. 
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Table 4.6. Mean data, mean squares and relationships for leaf traits
1
 in 20 genotypes, 2010-2011. 
Genotype LA LL LW LWT SLWT SLA GL 
    Mean    
1 21.3 23.4 1.47 163.4 7.96 0.1269 3 
2 28.6 23.5 1.72 180.0 6.34 0.1582 3 
3 30.3 24.8 1.70 185.0 6.20 0.1620 3 
4 27.9 22.9 1.69 180.3 6.56 0.1535 3 
5 30.5 26.3 1.60 180.9 6.02 0.1674 3 
6 39.6 29.0 1.86 219.5 5.67 0.1776 3 
7 28.5 24.6 1.63 181.8 6.39 0.1566 2 
8 24.3 23.0 1.56 151.9 6.32 0.1595 2 
9 28.7 25.3 1.51 170.3 5.90 0.1698 2 
10 25.3 23.3 1.61 171.4 6.94 0.1467 3 
11 24.0 22.8 1.55 160.3 6.72 0.1492 3 
12 26.2 23.6 1.50 162.8 6.31 0.1598 3 
13 29.4 25.1 1.68 178.2 6.12 0.1647 2 
14 28.2 24.5 1.65 175.9 6.33 0.1590 2 
15 30.0 24.7 1.72 180.0 6.11 0.1656 2 
16 23.4 22.8 1.37 137.5 5.93 0.1691 2 
17 21.6 22.5 1.33 136.1 6.37 0.1576 2 
18 30.2 24.2 1.72 192.2 6.40 0.1567 2 
19 21.6 23.5 1.35 136.1 6.43 0.1580 2 
20 34.2 27.1 1.72 208.1 6.12 0.1637 3 
Mean 27.7 24.3 1.59 172.6 6.36 0.1591 3 
SED 1.31 0.64 0.02 6.7 0.17 0.0037 - 
        
   Mean square   
Environment 2898.04** 871.265** 0.450248* 83863.5** 4.2112
ns
 0.002206
ns
 - 
Genotype 241.88*** 32.504*** 0.24115*** 5699.5*** 2.6841*** 0.001304*** - 
Environment x 
Genotype 
21.04*** 4.906*** 0.01073*** 744*** 0.2295
ns
 0.000108
ns
 - 
   Correlations2   
WUa 0.14 0.27 -0.05 0.07 -0.20 0.19 0.33 
WUm -0.26 -0.16 -0.43 -0.38 -0.13 0.13 -0.30 
WUEDM-Anthesis 0.52* 0.52* 0.53* 0.53* -0.12 0.17 -0.02 
WUEDM-Maturity 0.30 0.11 0.49* 0.42 0.10 -0.09 0.54* 
WUEGrain 0.20 0.01 0.31 0.26 0.04 -0.04 0.67** 
GRY 0.17 0.01 0.23 0.21 0.00 0.00 0.63** 
 
1 LA, leaf area (cm2); LL, leaf length (cm); LW, leaf width (cm); LWT, leaf weight (mg); SLWT, specific leaf weight 
(mg/cm2); SLA, specific leaf area (cm2/mg); GL, glaucousness 
2 WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Anthesis, water use efficiency for 
dry matter production at anthesis (kg ha-1 mm-1); WUEDM-Maturity, water use efficiency for dry matter production at 
maturity (kg ha-1 mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
 
*, **, *** indicates significant at P=0.05, P=0.01, P=0.001; ns = Non-significant 
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Table 4.7. Mean data, mean squares and relationships for 12 elements in leaves
1
 of 20 genotypes, 
2010-2011. 
Genotype B Ca Cu Fe Mg Mn P K Na S N Zn 
      Mean       
1 12.7 0.368 5.88 97.0 0.201 57.3 0.280 1.94 0.013 0.288 3.97 22.6 
2 14.6 0.355 7.63 105.3 0.223 79.0 0.293 1.82 0.011 0.309 4.55 23.3 
3 13.9 0.335 7.92 112.4 0.194 72.6 0.318 2.38 0.014 0.335 4.74 21.6 
4 13.3 0.505 7.05 120.3 0.315 100.1 0.280 1.77 0.014 0.315 4.38 21.8 
5 12.8 0.425 7.15 109.9 0.264 101.8 0.280 1.87 0.013 0.319 4.51 21.5 
6 13.9 0.370 7.25 104.0 0.228 69.8 0.316 2.19 0.024 0.320 4.64 24.4 
7 14.9 0.359 7.58 101.2 0.213 76.8 0.298 2.04 0.014 0.329 4.70 24.4 
8 15.7 0.314 7.63 102.7 0.210 73.8 0.311 2.15 0.015 0.320 4.64 25.1 
9 13.7 0.311 7.50 107.9 0.218 65.3 0.298 2.03 0.014 0.328 4.80 23.6 
10 11.2 0.376 7.02 101.1 0.248 82.4 0.285 1.96 0.016 0.299 4.51 20.3 
11 13.8 0.456 6.77 110.4 0.288 92.3 0.314 1.87 0.015 0.334 4.50 25.4 
12 14.1 0.354 8.18 113.0 0.203 87.1 0.306 2.11 0.019 0.356 4.77 22.8 
13 11.3 0.403 7.84 107.7 0.244 79.5 0.285 1.90 0.015 0.349 4.65 25.3 
14 12.4 0.358 7.73 104.1 0.231 80.8 0.291 1.87 0.015 0.340 4.63 26.1 
15 11.7 0.346 7.31 103.8 0.181 76.0 0.300 2.17 0.020 0.314 4.61 23.5 
16 15.7 0.290 8.05 117.9 0.198 74.8 0.311 2.18 0.014 0.343 4.80 22.3 
17 16.8 0.280 8.00 110.2 0.188 70.2 0.303 2.10 0.018 0.325 4.70 25.0 
18 13.2 0.339 7.75 105.8 0.236 74.7 0.304 2.07 0.015 0.335 4.79 24.6 
19 14.8 0.273 8.32 106.3 0.191 69.6 0.313 2.24 0.018 0.335 4.79 25.8 
20 12.0 0.446 6.77 105.9 0.270 82.7 0.305 2.08 0.028 0.324 4.49 23.1 
Mean 13.6 0.363 7.466 107.3 0.227 78.3 0.299 2.03 0.016 0.325 4.60 23.6 
SED 0.68 0.016 0.297 3.5 0.009 4.9 0.006 0.06 - 0.010 0.10 0.8 
             
     Mean square      
Environment 
 
2117.8 
*** 
0.0772 
* 
71.415 
** 
6013.4
* 
0.1110 
** 
12573 
** 
0.0212 
* 
7.3560 
*** 
- 
 
0.0283 
* 
11.842 
** 
9.385 
ns 
Genotype 
 
18.607 
*** 
0.0289 
*** 
2.7167 
*** 
256.8 
*** 
0.0101 
*** 
950.1 
*** 
0.0012 
*** 
0.2016 
*** 
- 
 
0.0021 
*** 
0.3002 
*** 
21.178 
*** 
Environment x 
Genotype 
4.953 
*** 
0.0017 
* 
0.4964 
ns 
155.14 
*** 
0.0010 
*** 
178.83 
** 
0.0002 
* 
0.0402 
*** 
- 
 
0.0009 
*** 
0.0581 
ns 
5.909 
** 
     Correlations2      
DM 0.52 
* 
-0.78 
** 
0.55 
* 
-0.15 
 
-0.65 
** 
-0.72 
** 
0.62 
* 
0.66 
** 
0.12 
 
0.34 
 
0.62 
** 
0.49 
* 
WUm 0.42 -0.58 
** 
0.21 0.01 -0.37 -0.48 
* 
0.65 
** 
0.59 
** 
0.07 0.14 0.45 
* 
0.13 
WUEDM-Maturity -0.13 0.31 -0.30 -0.09 0.24 0.04 -0.29 -0.28 -0.16 -0.51 
* 
-0.35 -0.44 
* 
WUEGrain 0.07 0.45 
* 
-0.30 0.28 0.44 
* 
0.37 -0.21 -0.27 -0.16 -0.45 
* 
-0.32 -0.62 
** 
GRY 
 
0.09 
 
0.35 
 
-0.31 
 
0.21 
 
0.41 
 
0.30 
 
-0.07 
 
-0.21 
 
-0.11 
 
-0.43 
 
-0.23 
 
-0.63 
** 
 
1 B, boron (mg kg-1); Ca, calcium (%); Cu, copper (mg kg-1); Fe, iron (mg kg-1); Mg, magnesium (%); Mn, manganese (mg 
kg-1); P, phosphorus (%); K, potassium (%); Na, sodium (%); S, sulphur (%); N, total nitrogen (%); Zn, zinc (mg kg-1) 
 
2 DM, days to maturity; WUm, crop water use at maturity (mm); WUEDM-Maturity, water use efficiency for dry matter 
production at maturity (kg ha-1 mm-1), WUEGrain water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yieldb (kg 
ha-1) 
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4.3.1.2.5 Gas exchange measurements, 2011 
 Measurements were made on a subset of genotypes (Table 4.8) at tillering, stem 
elongation and dough development in E5 and at dough development in E6 during 2011. 
Significant genotypic differences were found for all traits at all growth stages in both 
environments. Maximum photosynthetic rate, stomatal conductance and Ci/Ca were observed 
at tillering and these variables decreased with plant development with slightly higher Ci/Ca 
observed at dough development than stem elongation. The highest leaf intrinsic WUE was 
observed at stem elongation (79.7) followed by dough development (74.2) and tillering (41.3). 
The higher leaf intrinsic WUE was observed in the latter growth stages was due to decreased 
stomatal conductance. Photosynthetic rate and leaf intrinsic WUE was higher in E5 than E6 at 
dough development.  
The gas exchange results of five genotypes assessed at tillering are presented in Figure 
4.4. Genotypes 2, 14, 17 and 19 had statistically similar photosynthetic rate, stomatal 
conductance and Ci/Ca. with the exception of genotype 4 which showed the lowest 
photosynthetic rate, stomatal conductance and Ci/Ca but highest leaf intrinsic WUE. The 
WUE of genotype 4 was also confirmed in these field studies. The higher yield of this 
genotype was also linked to higher leaf intrinsic WUE. 
 At stem elongation (Figure 4.5) genotypes 2, 5, 6, 14, 17 and 19 showed statistically 
similar photosynthetic rate, stomatal conductance and Ci/Ca whereas genotypes 4 and 10 had 
the lowest values for these traits and the highest leaf intrinsic WUE; the main contributing 
trait to superior yield. All the SYN-DER genotypes (2, 4, 5, 6, and 10) were high yielding due 
to superior photosynthetic rate, stomatal conductance and Ci/Ca (2, 5, and 6) or leaf intrinsic 
WUE (4 and 10). 
 The highest photosynthetic rate, stomatal conductance and Ci/Ca were observed in 
genotypes 2, 6, 10 and 17 at dough development in E5 (Figure 4.6). Genotypes 4 and 19 had 
the highest leaf intrinsic WUE. Genotype 4 was the most conservative in terms of water loss 
through stomatal conductance and maintained high leaf intrinsic WUE at all growth stages in 
this environment. 
The results of gas exchange measurements in E6 at dough development are presented 
in Figure 4.7. In this environment, higher photosynthetic rate was found in genotypes 2, 4, 6 
and higher stomatal conductance in 4 and 6. All genotypes had similar Ci/Ca except genotype 
2 which had the lowest value. The highest leaf intrinsic WUE was observed in genotypes 2 
and 17.  Higher photosynthetic rate, lower stomatal conductance and higher leaf intrinsic 
WUE were responsible for the high grain yield of genotype 2. Similarly higher  
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Table 4.8. List of genotypes used in gas exchange studies during 2011.  
Genotype 
code 
Genotype Pedigree Origin 
Year of 
release 
2 CROC_1/AE.SQUARROSA (224)//OPATA/3/PASTOR same CIMMYT - 
4 CETA/AE.SQUARROSA (327)//2*JANZ same CIMMYT - 
5 QT6581/4/PASTOR//SITE/MO/3/CHEN/AEGILOPS SQUARROSA (TAUS)//BCN same CIMMYT - 
6 D67.2/P66.270//AE.SQUARROSA (320)/3/CUNNINGHAM same CIMMYT - 
10 Sokoll   (Drought-adapted synthetic-derived cultivar) Pastor/3/Altar84/Ae.Sq.//Opata CIMMYT - 
14 LPB05-1157   (Envoy) Sunstate/QH71-6//YITPI LongReach 2011 
17 Sunco 
Cook*3/WW15/4SUN9E-
27/3Ag14 
Sydney Uni. 1986 
19 Sunvale Cook*2/VPM1//3*Cook Sydney Uni. 1993 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
7
1 
  
        
 
Figure 4.4. Photosynthetic rate (A), stomatal conductance (gs), leaf intrinsic WUE (A/gs) and ratio of internal CO2 concentration to ambient CO2 
                concentration (Ci/Ca) in five wheat genotypes at tillering stage in E5 during August 2011.  
       (Standard error bars refer to LSD, P<0.05). 
a 
b 
ab a 
a 
20.000
20.500
21.000
21.500
22.000
22.500
23.000
23.500
2 4 14 17 19
A
 (
µ
m
o
l m
-2
 s
-1
) 
a 
b 
a ab ab 
0.0000
0.1000
0.2000
0.3000
0.4000
0.5000
0.6000
0.7000
0.8000
2 4 14 17 19
g s
 (m
o
l m
-2
 s
-1
) 
b 
a 
b 
b b 
15.000
20.000
25.000
30.000
35.000
40.000
45.000
50.000
2 4 14 17 19
A
/g
s (
µ
m
o
l C
O
2
 m
o
l-1
 H
2
O
) 
Genotype 
a 
b 
a 
a a 
0.7600
0.7700
0.7800
0.7900
0.8000
0.8100
0.8200
0.8300
2 4 14 17 19
C
i/
C
a 
Genotype 
  
  
7
2 
       
    
 
Figure 4.5. Photosynthetic rate (A), stomatal conductance (gs), leaf intrinsic WUE (A/gs) and ratio of internal CO2 concentration to ambient CO2 
                concentration (Ci/Ca) in eight wheat genotypes at stem elongation stage in E5 during September 2011.  
       (Standard error bars refer to LSD, P<0.05). 
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Figure 4.6. Photosynthetic rate (A), stomatal conductance (gs), leaf intrinsic WUE (A/gs) and ratio of internal CO2 concentration to ambient  CO2 
                concentration (Ci/Ca) in eight wheat genotypes at dough development stage in E5 during October 2011.  
       (Standard error bars refer to LSD, P<0.05).
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Figure 4.7. Photosynthetic rate (A), stomatal conductance (gs), leaf intrinsic WUE (A/gs) and ratio of internal CO2 concentration to ambient CO2 
                concentration (Ci/Ca) in eight wheat genotypes at dough development stage in E6 during October 2011.  
       (Standard error bars refer to LSD, P<0.05).
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photosynthetic rate, stomatal conductance and leaf intrinsic WUE contributed to the higher 
yield of genotype 4. 
The combined analysis of both environments (E5 and E6) at dough development 
showed significant differences between environments for Ci/Ca and leaf intrinsic WUE. 
Significant differences were also found among genotypes and G x E was significant for all 
traits. Genotypes 2 and 4 were superior with respect to their photosynthetic rate and leaf 
intrinsic WUE. 
The relationships between gas exchange parameters, physiological traits, water use 
efficiency and grain yield in both environments (E5 and E6) are presented in Table 4.9. In E5 
at all growth stages, photosynthetic rate was positively associated with stomatal conductance 
(r = 0.54 - 0.86), Ci/Ca (r = 0.37 - 0.72), NDVI at tillering (r = 0.55) and dough development 
(r = 0.42), specific leaf area at stem elongation (r = 0.52), WUEDM-Maturity at tillering (r = 
0.48) and dough development (r = 0.50), WUEGrain (r = 0.30 – 0.47) and grain yield at dough 
development (r = 0.40), and negatively associated with leaf intrinsic WUE (r = -0.42 – -0.71) 
due to higher stomatal conductance. Higher photosynthesis was associated with lower Δ (high 
WUE) of flag leaf at anthesis (ΔLa), tillering (r = -0.44) and dough development (r = -0.32) 
but the association was not significant. Higher stomatal conductance resulted in lower leaf 
intrinsic WUE (r = -0.85 - -0.94) but higher Ci/Ca (r = 0.81 – 0.94), specific leaf area at 
tillering (r = 0.52) and dough development (r = 0.57). At stem elongation and dough 
development it was also associated with WUEDM-Maturity (r = 0.34 - 0.44), WUEGrain (r = 
0.39 - 0.57) and grain yield (r = 0.33 – 0.34). Stomatal conductance was also associated with 
grain Δ (ΔG) at tillering (r = 0.42) and dough development (r = 0.46) confirming the 
hypothesis that low Δ (high WUE) genotypes use less water through stomatal conductance. 
Leaf intrinsic WUE showed a negative relationship with Ci/Ca (r = -0.99 to -1.00), specific 
leaf area at tillering (r = -0.57) and dough development (r = -0.59) and a weak positive 
relationship with WUEGrain at tillering (r = 0.24). These negative associations are related to 
higher water use through stomatal conductance. Higher leaf intrinsic WUE was associated 
with lower ΔLe (r = -0.45) and ΔG (r = -0.58) at dough development. Ci/Ca showed a positive 
relationship with specific leaf area at tillering (r = 0.58), stem elongation (r = 0.58), ΔLe (r = 
0.45) and ΔG (r = -0.56) at dough development, WUEGrain (r = 0.56) and grain yield (r = 0.36) 
at stem elongation. Lower ΔG (high WUE) was also associated with higher grain yield at 
tillering, stem elongation and dough development in this environment (Figure 4.8a, b). 
 
 76 
  
Table. 4.9. Correlations between gas exchange parameters, physiological traits, water use 
efficiency and grain yield in environments 5 and 6 (E5 and E6), 2011. 
 
1 A, photosynthetic rate (µmol m-2 s-1); gs, stomatal conductance to water vapour (mol m
-2 s-1); A/gs, leaf intrinsic WUE 
(µmol CO2 mol
-1 H2O); Ci/Ca, ratio of internal CO2 concentration to ambient CO2 concentration; NDVI, normalized 
difference vegetation index; SLA, specific leaf area (cm2/mg); ΔLe, CID (‰) for early leaf; ΔLa, CID for flag leaf at 
anthesis; ΔG, CID for grain; WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1 mm-1); 
WUEGrain water use efficiency for grain yield (kg ha
-1 mm-1); Grain yield (kg ha-1). 
 
Trait
1
 A gs A/gs Ci/Ca 
Tillering (E5)     
gs 0.54* -   
A/gs -0.42 -0.90** -  
Ci/Ca 0.43 0.89** -0.99** - 
NDVI 0.55* 0.28 -0.13 0.11 
SLA 0.06 0.52* -0.57* 0.58* 
ΔLe -0.23 0.10 -0.02 -0.11 
ΔLa -0.44 0.02 -0.01 -0.06 
ΔG -0.23 0.42 -0.33 0.29 
WUEDM-Maturity 0.48 0.25 -0.16 0.06 
WUEGrain 0.30 0.06 0.07 -0.16 
Grain yield 0.12 -0.23 0.24 -0.32 
     
Stem elongation (E5)     
gs 0.86** -   
A/gs -0.71** -0.94** -  
Ci/Ca 0.72** 0.94** -1.00** - 
NDVI 0.29 0.16 -0.06 0.08 
SLA 0.52** 0.57** -0.59** 0.58** 
ΔLe -0.23 0.00 -0.13 0.10 
ΔLa -0.08 -0.03 0.05 -0.08 
ΔG -0.04 0.16 -0.16 0.14 
WUEDM-Maturity 0.19 0.34 -0.28 0.27 
WUEGrain 0.47 0.57* -0.59* 0.56* 
Grain yield 0.16 0.33 -0.38 0.36 
     
Dough development (E5)     
gs 0.78** -   
A/gs -0.43* -0.85** -  
Ci/Ca 0.37 0.81** -1.00** - 
NDVI 0.42* 0.20 0.09 -0.09 
SLA 0.12 0.14 -0.20 0.19 
ΔLe -0.12 0.26 -0.45* 0.45* 
ΔLa -0.32 -0.19 -0.09 0.10 
ΔG 0.13 0.46* -0.58** 0.56** 
WUEDM-Maturity 0.50* 0.44 -0.18 0.12 
WUEGrain 0.38 0.39 -0.24 0.19 
Grain yield 0.40* 0.34 -0.14 0.09 
     
Dough development (E6)     
gs 0.72** -   
A/gs 0.01 -0.67** -  
Ci/Ca -0.17 0.54* -0.98** - 
NDVI 0.46* 0.32 0.05 -0.10 
SLA -0.07 0.20 -0.28 0.30 
ΔLe 0.04 0.16 -0.22 0.18 
ΔLa -0.36 -0.43* 0.23 -0.17 
ΔG 0.01 0.38 -0.44* 0.43* 
WUEDM-Maturity 0.50* 0.15 0.34 -0.43 
WUEGrain 0.51* 0.50* -0.22 0.14 
Grain yield 0.18 0.31 -0.22 0.20 
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Figure 4.8. Relationship of G with grain yield in E5, 2011 (a) at tillering stage; (b) at stem 
elongation and dough development stages, the outliar late heading genotype 6 was removed 
before regression analysis. Genotype numbers are presented with the data values. 
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In E6 at dough development, photosynthetic rate was positively associated with 
stomatal conductance (r = 0.72), NDVI (r = 0. 46), WUEDM-Maturity (r = 0.50), WUEGrain (r 
= 0.51) and grain yield (r = 0.18) (Table 4.9). Like E5, photosynthesis showed a negative 
relationship with ΔLa (r = -0.36), although the association was not significant. Higher 
stomatal conductance resulted in lower leaf intrinsic WUE (r = -0.67) but was positively 
correlated with Ci/Ca (r = 0.54), NDVI (r = 0.32), specific leaf area (r = 0.20), WUEGrain (r = 
0.50) and grain yield (r = 0.31). Higher stomatal conductance was significantly associated 
with lower ΔLa (r = -0.43) and close to significant with lower ΔG (r = -0.38). Leaf intrinsic 
WUE was negatively correlated with Ci/Ca (r = -0.98), specific leaf area (r = -0.28), ΔG (r = -
0.44), WUEGrain (r = -0.22) and grain yield (r = -0.22) and positively associated with 
WUEDM-Maturity (r = 0.34). Ci/Ca showed significant positive association with ΔG (r = 0.56), 
a weak but positive association with specific leaf area (r = 0.30) and grain yield (r = 0.20) and 
a negative association with WUEDM-Maturity (r = -0.43). Different traits were observed to 
contribute to grain yield at different growth stages and some of the relationships clearly 
change with environment. 
 
4.3.1.3 Spike parameters 
4.3.1.3.1 Combined 2009-2011 (15 genotypes) 
Environment, genotype and environment x genotype interactions were significant for 
all spike traits when analysed over environments (E1-E6) for all 15 genotypes (Table 4.10). 
Higher values for spike traits were found in E6 followed by E5 and E4. Genotypes 1, 6 and 7 
were superior for most spike traits. Awn length (r = 0.26/0.25), spike length (r = 0.58/0.64), 
number of grains per spike (r = 0.40/0.28), grain weight per spike (r = 0.56/0.62), number of 
kernels per spikelet (r = 0.37/0.32) and thousand grain weight (r = 0.34/0.49) were positively 
associated with biomass at maturity and WUEDM-Maturity. A weak association was also 
observed between some spike parameters and WUEGrain (r = 0.17 - 0.33). Spikelet density 
was negatively associated with biomass, WUE and grain yield. Spike length(r = 0.31), 
number of grains per spike (r = 0.40), grain weight per spike (r = 0.35) and number of kernels 
per spikelet (r = 0.41) showed weak but positive contributions to final grain yield. 
 
4.3.1.3.2 Combined 2010-2011 (20 genotypes) 
 The combined analysis over environments (E3-E6) identified significant environment, 
genotype and environment x genotype interactions for all spike parameters except 
environment effects for number of kernels per spikelet (Table 4.11). The highest values for 
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most spike traits were found in E5. The genotypes with most extreme expression of spike 
traits were 1 and 20 followed by 2, 6 and 10. Spike length (r = 0.56/0.55), number of grains 
per spike (r = 0.33/0.38), single spike weight (r = 0.53/0.56), grain weight per spike (r = 
0.53/0.53), number of kernels per spikelet (r = 0.19/0.43) and thousand grain weight (r = 
0.47/0.48) were positively associated with biomass at anthesis and maturity. Spikelet density 
and number of spikelets per spike were generally negatively correlated. A weak positive 
association was found between awn length and WUEDM-Maturity (r = 0.34). Spike length, 
single spike weight, grain weight per spike, number of kernels per spikelet and thousand 
grain weight contributed positively to WUEDM-Anthesis (r = 0.37 – 0.46), WUEDM-Maturity 
(r = 0.40 - 0.72) and WUEGrain (r = 0.35 - 0.53). Grain yield was associated with longer spikes 
(r = 0.34), greater grain number per spike (r = 0.30), heavier spikes (r = 0.45), greater grain 
weight per spike (r = 0.44), larger kernel number per spikelet (r = 0.46) and higher thousand 
grain weight (r = 0.43). 
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Table 4.10. Mean data, mean squares and relationships for spike parameters1 in 15 genotypes, 2009-
2011. 
Genotype AL SL SD NSPS NGPS GWPS NKPS TGW 
    Mean     
1 7.24 10.06 1.73 17.45 53.85 2.77 3.07 48.00 
2 6.52 9.53 1.78 16.97 45.97 2.51 2.71 49.21 
3 7.71 9.41 1.83 17.29 47.91 2.06 2.77 41.27 
4 6.05 8.36 2.01 16.75 48.55 2.24 2.90 43.14 
5 6.71 8.38 1.96 16.41 46.69 2.18 2.83 44.60 
6 6.75 9.65 1.96 18.91 51.59 2.23 2.73 40.87 
7 6.84 8.45 2.25 18.99 52.45 2.14 2.76 38.61 
8 6.45 8.15 2.25 18.31 48.41 2.01 2.64 39.13 
9 6.59 8.06 2.24 18.04 47.61 1.94 2.62 39.58 
10 6.70 8.86 1.83 16.24 53.91 2.31 3.31 41.98 
11 5.71 8.53 2.14 18.29 53.15 2.11 2.90 37.42 
12 5.51 7.98 2.14 17.16 43.82 1.88 2.55 40.27 
13 5.93 8.78 2.05 18.08 47.03 2.04 2.60 41.08 
14 5.96 7.50 2.25 16.86 42.40 1.86 2.51 41.50 
15 7.14 8.95 1.92 17.27 44.39 2.07 2.56 44.34 
Mean 6.52 8.71 2.02 17.53 48.51 2.16 2.76 42.07 
SED 0.13 0.16 0.02 0.30 2.07 0.06 0.11 1.08 
         
   Mean square    
Environment 
 
6.2803 
*** 
8.9392 
*** 
0.348318 
*** 
40.8756 
*** 
717.08 
*** 
1.80928 
*** 
1.0105 
** 
1434.92 
*** 
Genotype 
 
5.5018 
*** 
7.506 
*** 
0.491962 
*** 
11.1006 
*** 
207.53 
*** 
0.86477 
*** 
0.70593 
*** 
198.04 
*** 
Environment x 
Genotype 
0.3621 
*** 
0.3279 
* 
0.012871 
*** 
1.421 
*** 
69.14 
*** 
0.07906 
*** 
0.17203 
** 
26.89 
*** 
   Correlations    
BIM 0.26 0.58* -0.48 0.09 0.40 0.56* 0.37 0.34 
WUEDM-Maturity 0.25 0.64** -0.60* -0.03 0.28 0.62* 0.32 0.49 
WUEGrain -0.09 0.27 -0.34 -0.12 0.24 0.32 0.33 0.17 
GRY -0.01 0.31 -0.30 0.01 0.40 0.35 0.41 0.07 
 
1 AL, awn length (cm); SL, spike length (cm); SD, spikelet density; NSPS, number of spikelets per spike; NGPS, number of 
grains per spike; GWPS, grain weight per spike (g); NKPS, number of kernels per spikelet; TGW, thousand grain weight (g); 
BIM, biomass at maturity (kg ha-1); WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1 
mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
 
*, **, *** indicates significant at P=0.05, P=0.01, P=0.001 
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Table 4.11. Mean data, mean squares and relationships for spike parameters
1
 in 20 genotypes, 2010-
2011. 
Genotype AL SL SD NSPS NGPS SSW GWPS NKPS TGW 
     Mean     
1 7.26 10.21 1.73 17.68 56.25 3.91 2.93 3.18 52.05 
2 6.58 9.56 1.76 16.88 45.80 3.45 2.54 2.72 55.52 
3 7.68 9.42 1.84 17.32 48.11 3.08 2.11 2.77 44.12 
4 6.11 8.49 2.02 17.07 49.13 3.12 2.29 2.88 46.72 
5 6.73 8.50 1.97 16.69 47.07 3.10 2.25 2.81 48.12 
6 6.83 9.86 1.96 19.40 52.66 3.24 2.29 2.72 43.55 
7 6.88 8.66 2.24 19.45 54.39 3.05 2.20 2.79 40.49 
8 6.58 8.38 2.25 18.78 49.70 2.95 2.07 2.64 41.74 
9 6.70 8.32 2.25 18.71 50.47 2.79 2.05 2.68 41.67 
10 6.73 9.05 1.84 16.65 57.64 3.53 2.45 3.47 44.26 
11 5.65 8.69 2.15 18.73 54.63 3.08 2.15 2.91 39.52 
12 5.52 8.11 2.19 17.75 45.68 2.67 1.98 2.58 43.24 
13 5.91 8.97 2.07 18.63 48.97 2.98 2.10 2.63 43.12 
14 6.05 7.74 2.24 17.34 45.03 2.71 1.92 2.60 42.89 
15 7.19 9.11 1.95 17.78 46.65 3.04 2.18 2.62 46.78 
16 6.15 7.95 2.25 17.92 45.52 2.44 1.77 2.54 39.08 
17 5.82 8.15 2.20 17.93 45.26 2.49 1.79 2.53 39.82 
18 6.83 8.31 2.35 19.47 48.35 3.11 2.25 2.45 39.35 
19 5.95 7.91 2.30 18.23 45.05 2.23 1.59 2.47 35.44 
20 5.87 10.66 1.90 20.21 63.87 3.90 2.87 3.16 44.99 
Mean 6.45 8.80 2.07 18.13 50.01 3.04 2.19 2.76 43.62 
SED 0.15 0.17 0.03 0.32 2.18 0.10 0.07 0.12 1.42 
          
    Mean square    
Environment 
 
7.0337 
*** 
4.455 
* 
0.61189 
*** 
20.309 
* 
199.21 
** 
1.34283 
* 
0.62147 
* 
0.85569 
ns 
153.09 
* 
Genotype 
 
4.1748 
*** 
7.6724 
*** 
0.44796 
*** 
12.4076 
*** 
311.99 
** 
2.27543 
*** 
1.30863 
*** 
0.80364 
*** 
258.9 
*** 
Environment x 
Genotype 
0.4497 
*** 
0.3329 
** 
0.01180 
*** 
1.2094 
*** 
90.5 
** 
0.13845 
*** 
0.06858 
*** 
0.22725 
*** 
20.06 
** 
    Correlations2    
BIA 0.07 0.56** -0.36 0.27 0.33 0.53* 0.53* 0.19 0.47* 
BIM 0.28 0.55* -0.53* 0.00 0.38 0.56** 0.53* 0.43 0.48* 
WUEDM-Anthesis 0.14 0.46* -0.27 0.26 0.20 0.40 0.38 0.06 0.37 
WUEDM-Maturity 0.34 0.62** -0.70** -0.18 0.26 0.63** 0.62** 0.40 0.72** 
WUEGrain 0.17 0.35 -0.53* -0.30 0.20 0.44* 0.43 0.41 0.53* 
GRY 0.14 0.34 -0.45* -0.19 0.30 0.45* 0.44* 0.46* 0.43 
 
1 AL, awn length (cm); SL, spike length (cm); SD, spikelet density; NSPS, number of spikelets per spike; NGPS, number of 
grains per spike; SSW, single spike weight; GWPS, grain weight per spike (g); NKPS, number of kernels per spikelet; TGW, 
thousand grain weight (g).  
2 BIA, biomass at anthesis (kg ha-1); BIM, biomass at maturity (kg ha-1); WUEDM-Anthesis, water use efficiency for dry 
matter production at anthesis (kg ha-1 mm-1); WUEDM-Maturity, water use efficiency for dry matter production at maturity 
(kg ha-1 mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
 
*, **, *** indicates significant at P=0.05, P=0.01, P=0.001; ns = Non-significant 
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4.3.1.4 Multiple regression analysis 
 The summary of regression analysis on the trait means combined over time is 
presented in Table 4.12. A number of morphological, agronomic and physiological traits 
were identified which contributed to the improved WUE and accounted 98% of the total 
variance. Grain yield was influenced by NDVI, leaf width, CTD, biomass at anthesis, harvest 
index, thousand grain weight, WUEDM-Maturity and WUEGrain which collectively accounted 
for 98% variance. These are considered to be the key traits for WUE and grain yield 
improvement and due consideration should be given in any wheat breeding program targeting 
the northwestern plains of NSW. 
 
 
Table 4.12. Summary of multiple regression analysis using grain yield, WUEDM-Maturity, 
and WUEGrain as the response (dependent) variables. 
Explanatory variables
1
 WUEDM-Maturity WUEGrain Yield 
1. NDVI NDVI NDVI 
2. LL LW LW 
3. CTD CTD CTD 
4. BIA BIA BIM 
5. BIM BIM HI 
6. PH PH TGW 
7. HI HI WUEDM-Maturity 
8. NKPS NKPS WUEGrain 
9. TGW TGW  
10. GRY GRY  
11. WUEGrain WUEDM-Maturity  
12. SL   
Percent Variance 98 98 98 
 
1 NDVI, normalized difference vegetation index; LL, leaf length (cm); LW, leaf width (cm); CTD, canopy temperature 
depression (ᴼC); BIA, biomass at anthesis (kg ha-1); BIM, biomass at maturity (kg ha-1); PH, plant height (cm); HI, harvest 
index (%); SL, spike length (cm); NKPS, number of kernels per spikelet; TGW, thousand grain weight (g); GRY, grain yield 
(kg ha-1); WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1 mm-1); WUEGrain, water use 
efficiency for grain yield (kg ha-1 mm-1). 
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4.4 Discussion 
Improved cultivars with high yield that use less water per unit yield produced are 
essential for profitable and sustainable agriculture, particularly in rainfed, drought prone 
areas. In Australian water limited wheat growing environments, physiological research has 
highlighted specific traits that could contribute to increased water use efficiency and therefore 
greater wheat productivity (Rebetzke and Richards 1999). Plants adapt to limited water 
availability through various morphological and physiological mechanisms and this requires 
an understanding of the various processes regulating the efficient use of water within a plant 
species (Nagesh 2006).  
Generally the low heritability of grain yield under water stress reduces the 
effectiveness of direct selection for productivity. It would be far easier and more certain to 
manipulate relatively simple attributes putatively related to yield under a wide range of field 
conditions than to manipulate yield itself (Slafer 2007). Nevertheless, the efficiency of 
selection for grain yield may be enhanced by indirect selection for agro-physiological 
parameters that are associated with grain yield. The present study investigated diverse wheat 
genotypes for their yield performance in diverse environments and the results of the analysis 
of agronomic, morphological and physiological traits and their relationship to WUE are 
discussed in this section. 
Significant genetic variability was found for all the traits studied in the multi-
environment trials. Nevertheless, many traits did not show year, environment and 
environment x genotype interactions due to the confounding effects of environments within 
the years. For this reason year was dropped as a factor and a separate analysis of all 
environments (E1-E6) was conducted and significant effects were observed for environments 
and environment x genotype interactions for most traits. The environment x genotype 
interactions were driven by contrasting weather conditions and soil properties of the six 
environments studied during the three years of study. Many authors have reported significant 
G x E interaction for different traits in wheat including Richards et al. (2001), Dhanda and 
Sethi et al. (2002), Reynolds et al. (2007a) and Sanchez-Garcia et al. (2012).  
 
4.4.1 Agronomic traits 
 The trait means for days to heading and maturity, plant height, biomass at anthesis 
and maturity were higher in E4 due to higher rains (more available water) resulting in more 
vegetative growth, whereas harvest index was highest in E6 and E5, also due to a favourable 
season. The grain yield was similar among E4-E6 and lowest in E2 due to the drier growing 
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conditions and no supplementary irrigation. Reduction in grain yield in response to water 
stress has been well documented in wheat (Blum et al. 1990; Gupta et al. 2001; Dhanda and 
Sethi et al. 2002; Foulkes et al. 2002; Johari-Pireivatlou 2010). The low grain yield in E2 was 
also attributed to heat stress at late booting around the time of meiosis which restricted grain 
number (Nagesh 2006) and grain weight. 
 During 2009, genotypes 2, 3, 4, 5, 6 and 11 produced higher grain yield under the 
high and low moisture (rainfed) environments (data not shown). The data supported the 
hypothesis that some of the highest yielding genotypes under supplementary irrigation 
conditions can also be among the highest yielding under rainfed conditions (Mosaad et al. 
2007). The SYN-DER genotypes 2, 4, 5, 6, 10 were generally the highest yield materials 
across environments. These materials represent valuable new genetic diversity introduced 
from Aegilops tauschii and to some extent from the modern durum wheats used in crosses 
with A. tauschii to produce the parental primary synthetic hexaploids. The superior 
performance of synthetic derivatives compared to their recurrent parents/checks in Australia 
and Mexico was reported earlier (Gororo et al. 2002; Dreccer et al. 2007; Ogbonnaya et al. 
2007; Reynolds and Trethowan 2007).  
Variable trait response was observed with respect to water use in different 
environments. In the presence of sufficient moisture, genotypes with longer vegetative 
periods (e.g later heading dates), longer growth cycles (later maturing) and greater tiller 
numbers tended to use more water by maturity. However, this response was not consistent 
over environments. The response in E5 for example, showed that later developing genotypes, 
taller in stature with more anthesis biomass used less water at anthesis. Clearly, the 
mechanisms of plant response are very much environment dependent. Previous work found a 
linear relationship between dry matter production and water use (Condon et al. 2002 and 
Foulkes et al. 2002). A similar trend was observed in E1 and E6 where higher biomass was 
associated with higher water use. Nevertheless, the overall analysis of these traits showed that 
the higher water use was not significantly associated with higher mean values of these traits. 
Thus superior wheat germplasm can be developed with lower water requirements. In the 
present study this is supported by the fact that early genotypes used less water with improved 
above and below ground (next chapter) traits that can help in early canopy development and 
reduce early season water loss through evaporation and to escape the terminal drought. 
When soil moisture was not limiting, longer crop growth cycle, taller plants, higher 
biomass at anthesis and maturity and fewer tillers improved WUEDM-Anthesis. However, 
shorter season genotypes tended to use less water at maturity and had higher WUEDM-
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Maturity and WUEGrain. Clearly, early flowering avoids drought and temperature stress in 
environments where terminal stress is likely to occur (Trethowan and Mahmood 2011).   
Overall, later developing genotypes produced more tillers that produced fewer, smaller seed, 
thus less dry matter was partitioned to ears resulting in lower total and grain dry matter 
(harvest index), thus resulting in lower yields. Under water limited conditions, wheat 
genotypes with reduced tillering tend to yield better than profusely tillering genotypes 
(Duggan et al. 2000; Brisson et al. 2001). Profuse tillering usually results in non-productive 
tillers which use more water without contributing effectively to the grain yield (Nagesh 
2006). The advantage of earliness, along with other benefits, lies in reduced water use. 
Shorter growth duration (as indicated by early anthesis) is an important attribute of drought 
escape, especially with regard to late season water stress (Nagesh 2006). The optimum plant 
height for wheat was described as 70-100 cm for maximum yield (Fischer and Quail 1990), 
although these figures are somewhat arbitrary given the significant effect that environment 
has on plant height expression. However, increases in yield associated with higher biomass 
and harvest index have been reported by many authors (Waddington et al. 1986; Calderini et 
al. 1995; Fischer 2001; Reynolds et al. 2005b; Foulkes et al. 2007; Reynolds et al. 2007a; 
Rebetzke et al. 2011; 2012b). 
It has been suggested that evaluation of germplasm under rainfed conditions is 
necessary to preserve and accumulate alleles for drought tolerance in breeding germplasm 
(Mosaad et al. 2007). Moreover, identification of sources of genetic diversity for stress 
tolerance is critical if better adapted wheat cultivars are to be developed (Trethowan and 
Mahmood 2011). In the current studies, drought stress was moderate in 2009 as shown by the 
calculated drought intensity index (data not presented). The superior performance of some 
genotypes under drought stress (these materials had a drought susceptibility index <1) 
indicates that genetic variation for maintenance of yield under limited moisture exists in the 
materials tested, an observation supported by the work of Gupta et al. (2001) and Foulkes et 
al. (2002).  
Clearly, earliness, fewer tillers, taller plants, higher biomass at anthesis and maturity 
and higher harvest index all contribute to improved WUE and therefore higher grain yield. Of 
the highest yielding genotypes, most were derived from synthetic wheat indicating the 
importance of new or additional allelic diversity for complex quantitative traits such as grain 
yield (Trethowan and Mujeeb-Kazi 2008).   
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4.4.2 Physiological traits 
Normalized difference vegetation index was measured as an indicator of biomass 
differences between treatments (Babar e al. 2006) and genotypes. Significant effects due to 
year, environment, genotype and their interactions were found for NDVI. NDVI increased 
with plant growth, attained a highest score at booting/anthesis and incrementally declined 
later.  Several studies have reported the relationship between early growth and biomass 
production and yield in wheat (van den Boogaard et al. 1997). Vigorous early crop growth 
tends to reduce evaporative loss of water from the soil surface and suppresses weeds, thus 
reducing competition for water (Trethowan and Mahmood 2011). The relationship between 
NDVI recorded early in plant development and canopy cover with thousand grain weight 
observed in the present study supports the hypothesis that higher grain weight and larger 
embryo contribute to the improved early vigour (Richards and Lukacs 2002). Based on a 
three year study NDVI measured at grainfilling was found to be strongly associated with 
biomass, a relationship also reported in irrigated wheat in northwestern Mexico (Reynolds et 
al. 1999). Under contrasting conditions, stay green calculated as NDVI at physiological 
maturity showed a positive correlation with grain yield (Lopes and Reynolds 2012). While 
the genetic control of NDVI response is not well understood, three QTLs were reported for 
NDVI in wheat in a study in northwestern NSW (Trethowan et al. 2012). The evidence from 
the current study and previous work identifies NDVI as a putative trait under genetic control 
that can be used to simultaneously improve WUE and grain yield in wheat. 
Variable chlorophyll content was observed over years and environments and those 
genotypes with the  highest chlorophyll content at anthesis tended to be the highest yielding 
and those that used less water at anthesis also had higher chlorophyll content. Reynolds et al. 
(2001a) reported a highly significant genetic correlation between leaf chlorophyll (grainfill) 
and wheat yield for 10 varieties averaged over 16 low relative humidity environments. The 
use of chlorophyll content as a putative indirect selection criteria with low correlation with 
yield potential and unknown heritability was suggested by Fischer (2001). The relatively high 
heritability and significant relationship with grain yield and plant water use in the present 
study supports this view and suggest its prospective use in selecting genotypes with lower 
water use at anthesis.  
Canopy temperature depression (CTD) is an easy to measure trait that can be used to 
select superior lines or segregating bulks (Trethowan and Reynolds 2007). Under drought 
stress, it showed associations with yield and root depth and the trait is routinely used at 
CIMMYT in early generations to change gene frequency in favour of cooler lines (Reynolds 
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and Trethowan 2007). In the current studies, CTD also showed significant effects due to year, 
environment, genotype and their interactions. Once again, the SYN-DER genotypes tended to 
be the most efficient at using soil water resulting in cooler canopies and subsequently higher 
grain yield. The higher CTD values recorded on the most drought tolerant genotypes (4, 5 
and 11) identified during 2009, the driest year, indicated that these genotypes were able to 
maintain adequate transpiration when water is limiting. The high heritability of CTD in both 
wet and drier years in the current study and the relatively strong positive associations with 
WUE and grain yield indicate that this trait can be used as an indirect selection tool for yield 
in northwestern NSW. This supports earlier work that suggests CTD can be used for indirect 
selection for water stress and yield in wheat (Fischer 2001; Reynolds et al. 2005a; Reynolds 
and Trethowan 2007; Saint Pierre et al. 2010; Reynolds et al. 2010; Trethowan and 
Mahmood 2011) due to its speed and ease of measurement with a hand held infrared 
thermometer. Canopy temperature has been reported to explain more than 60% of yield 
variation under drought (Olivares-Villegas et al. 2007; Lopes and Reynolds 2010).  In the 
current study the optimal time for CTD measurement, for yield prediction, is around midday 
at anthesis/grainfill.  Reynolds et al. (1998) also found a very strong association between post 
anthesis CTD and grain yield in wheat. Recently several QTLs were reported for NDVI and 
canopy temperature (Pinto et al. 2010). Reynolds et al. (2001b) suggested the use of 
physiological selection criteria to select breeding materials at the following stages:  leaf 
chlorophyll - F3/F4-F6 (small plots); CTD and spectral reflectance (NDVI) - F4-F6 (small 
plots) and fixed lines in yield trial plots. The relationships among chlorophyll content, CTD, 
biomass and grain yield in wheat have been confirmed at four N levels in heat stressed 
irrigated environments by Elbashier et al. (2012). 
Digital ground cover analysis for high throughput screening of wheat populations was 
successful in identifying genetic differences in early canopy cover (early vigour) and has the  
potential to improve the yield of rainfed wheat through reduced soil evaporation (Mullan and 
Reynolds 2010). While canopy cover did not show a significant association with water use at 
anthesis in the current study, it was significantly associated with improved WUE at anthesis 
and maturity and eventual grain yield. Among the materials tested there was significant 
variation for canopy cover indicating that this trait can be easily manipulated through 
breeding and selection. Furthermore, the positive association between canopy cover and 
NDVI offers a fast to measure indirect selection criterion, an observation supported by Li et 
al. (2010b). Richards et al. (2001) also suggested that selection for seedling vigour would 
improve the WUE of wheat. If the growing cycle is very short then vigorous genotypes are 
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likely to yield more grain and biomass than less vigorous types (Richards et al. 2002). Our 
results tend to support these findings as a significant relationship between earliness and 
NDVI and canopy cover during early crop growth was observed in 2011 (data not shown). 
Mullan and Reynolds (2010) validated digital ground cover assessments against alternative 
measures of canopy cover, such as NDVI (r
2
 = 0.69), biomass (r
2
 = 0.63), leaf area index (r
2
 = 
0.80) and light penetration through the canopy (r
2
 = 0.70) and found highly significant 
associations. Early vigour could be expected to have a positive influence on yield potential 
due to increased radiation interception (Ludlow and Muchow 1990). Clearly, this trait can 
also be used to screen for vigorous genotypes during early growth to improve grain yield. 
The use of stable isotopes provides rapid screening method that integrates water use 
efficiency over time (Jones 2004) and has a significant relationship with grain yield. 
Therefore carbon isotope discrimination was estimated for early leaf (ΔLe), flag leaf at 
anthesis (ΔLa) and grain (ΔG) in the present study and was found to be under the strong 
influence of environment and year. An environment influence on Δ has been reported in 
durum (Merah et al. 2001b) and bread wheat (Monneveux et al. 2005; Zhu et al. 2008). In 
this study it was typically due to the two contrasting years with respect to rainfall and other 
weather parameters. The Δ was recorded in stress free environments as no drought was 
observed at any stage in the two growing seasons (2010-2011). Higher water use at maturity 
by the low Δ genotypes during 2010 was attributed to the unusual weather conditions (very 
wet season), whereas more water was used at maturity by high ΔLe genotypes during 2011 
(E6) (data not shown). ΔLe and ΔG were found to be associated with WUEDM-Anthesis in 
one environment, whereas ΔG with WUEGrain in two and ΔG with grain yield in one of the 
four environments. In the environment with significantly lower water content (E5) than the 
others it was found that the low ΔG was more associated with one meter square grain yield 
than the plot yield. Overall means showed no association with WUE but a weak positive 
relationship of ΔLe and ΔG was observed with grain yield. Overall minimum mean ΔG was 
observed in genotype 2 which was also highest grain yielding. Overall maximum mean Δ was 
observed in genotypes 5 and 11 and both of these were also identified as highly WUE with 
high yield. In contrast, minimum mean Δ was found in genotypes 9 and 19, which were 
identified as the least WUE with the lowest yield. These results partially support the findings 
of other workers who reported positive association between Δ and grain yield under irrigated 
(Monneveux et al. 2004; Akhter et al. 2008; Zhu et al. 2008; Akhter et al. 2012) and rainfed 
or moisture stress conditions (Merah et al. 2001b; Monneveux et al. 2005; Misra et al. 2010). 
Due to the negative correlation of Δ with transpiration efficiency and grain yield in water-
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limited environments (Rebetzke et al. 2006) several researchers suggested the use of low Δ as 
indirect selection criteria to improve water use efficiency and drought tolerance (Al-Hakimi 
et al. 1996; Condon et al. 2002; Rebetzke et al. 2002; Rebetzke et al. 2006; Khazaei et al. 
2009). This relationship was not expected in this study as the experiments were conducted 
under non-stress conditions (sufficient rains). The very high heritability of Δ found in this 
study and its correlation with WUEDM-Anthesis, WUEGrain and grain yield indicates its 
potential value in selecting for higher Δ in favourable environments.  
Based on the CIMMYTs experience, Trethowan and Reynolds (2007) suggested that 
it is possible to combine different physiological traits through crossing as some parental lines 
with good yield performance under drought stress already combine the expression of 
combined traits. The current study supports  these conclusions as the high yielding genotypes 
2, 10 and 20 also combined the expression of four physiological parameters (NDVI, 
Chlorophyll content, CTD and canopy cover), whereas others expressed different trait 
combinations.  
 
4.4.3 Flag leaf traits 
A significant environment effect was observed between genotypes for most of the leaf 
traits assessed with the exception of specific leaf weight and specific leaf area. Lowest leaf 
area was observed in the driest environment (E2). The change in leaf area of wheat genotypes 
exposed to drought stress was reported by Condon and Richards (1992) and Foulkes et al. 
(2001). Reduced leaf growth and accelerated leaf senescence are common responses to water 
deficit and they both reduce leaf area (Ludlow and Muchow 1990). In the current study, leaf 
characteristics including leaf area, weight, length and width did have some association, 
although not strong, with WUE and grain yield. Others have suggested using specific leaf 
weight as an indirect selection criterion for yield potential in wheat (Fischer 2001). However, 
specific leaf area was negatively correlated with WUE and grain yield in the current study. 
Hence selection against this trait may be effective in raising yield. This can be achieved by 
selecting for specific leaf weight as both traits are negatively correlated (r = -1.0) and 
associated with yield. Richards et al. (2002) also advocated selection for early leaf area 
development using leaf breadth as a surrogate for leaf area, due to its higher heritability, 
resulting in seedling vigor.  
In the present study glaucousness was also strongly associated with improved WUE 
and grain yield; an observation supported by Richards et al. (1986) and Qariani et al. (2000) 
under water limited conditions.  
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4.4.4 Leaf chemical analysis 
Micro-elements play an essential role in the physiology of the plants and deficiencies 
can lead to poor development and eventual yield losses (Anonymous 2012). A summary of 
plant nutrients of wheat analysed at flag leaf emergence (Anonymous 2006) is presented in 
Appendix II (Table 1) and was used to classify the environments of the current study.  The 
environments fall in the marginal to high categories demonstrating that plants were not 
deficient for any micro-element. Nevertheless, some genotypes had significantly higher 
concentrations of some nutrients indicating a genetic influence on the way nutrients are 
accumulated in the grain. Some of this was linked to phenology as elements such as P, Cu 
and Zn were higher in late maturing genotypes. The genotypes that used more water thended 
to have higher concentrations of N, P and K. Sufficient variation existed in the materials 
tested to conclude that leaf micronutrients can be manipulated through breeding. While this 
may have relevance for human or animal nutrition, the lack of an association with grain yield 
reduces the relevance of assessing these elements in environments that are not nutrient 
limiting.  
 
4.4.5 Gas exchange measurements 
It was suggested that leaf level gas exchange would improve our understanding of 
genotypic differences in WUE in contrasting water regimes at the whole crop level (Nagesh 
2006). Significant genotypic variation was found for all gas exchange traits studied during 
2009 and 2011. Plants differed in their capacity to regulate the amount of water lost per unit 
carbon gained and such differences can be referred to as differences in intrinsic WUE 
(Condon et al. 2002). Measurements at booting/heading during 2009 showed that genotype 3 
had higher photosynthetic rate and the lowest conductance resulting in significantly higher 
leaf intrinsic WUE. The lower leaf intrinsic WUE observed was either a function of low 
photosynthetic rate or conductance or both. It has been documented that an increase in leaf 
WUE can be attributed to a reduction in stomatal conductance and/or increased 
photosynthetic rate (Blum et al. 1990; van den Boogaard et al. 1997). Mesophyll conductance 
to CO2 (gm) is a significant and variable limitation of photosynthesis that also affects leaf 
transpiration efficiency (Barbour et al. 2010). These authors found significant variation in gm 
between barley genotypes which correlated with photosynthetic rate. Furthermore, the 
genotype with highest gm also had the highest transpiration efficiency. Siddique et al. (1999) 
also found a strong relationship between photosynthetic rate and gm in wheat, indicating the 
dominance of mesophyll in reducing photosynthesis in drought stressed plants. Our findings 
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support these observations in a different cropping environment and soil type as 
photosynthetic rate was associated with gm and all other gas exchange parameters. Higher gm 
and intercellular CO2 concentration contributed to higher leaf intrinsic WUE, whereas higher 
conductance was associated with lower leaf intrinsic WUE. Genotypes with higher 
photosynthetic rate, intercellular CO2 concentration and gm showed positive association with 
biomass at maturity, WUEDM-Maturity, WUEGrain and grain yield. In the dry year, the low 
stomatal conductance (due to reduced leaf area) was reflected in higher WUEGrain. WUE at 
the leaf and plant level (WUEGrain) were positively correlated as observed by van den 
Boogaard et al. (1997) in wheat and regression showed that leaf intrinsic WUE was the major 
contributor (32% variation) to grain yield.  
The high leaf intrinsic WUE observed in the subset of materials tested in 2011 in the 
latter growth stages was also linked to a decrease in stomatal conductance. Those genotypes 
with the highest leaf intrinsic WUE and low stomatal conductance and Ci/Ca were also the 
highest yielding. The significant G x E observed for all gas exchange traits indicates that 
selection for stable expression of high leaf intrinsic WUE will be difficult. Cultivars with 
high leaf WUE might be most suitable for deployment in the most adverse conditions 
(requiring low leaf area index), while those with a low WUE might be better adapted to more 
favourable (irrigated) conditions (van den Boogaard et al. 1997). 
 Barbour et al. (2010) suggested that the ideal crop plant in areas with limited water 
availability would have low stomatal conductance to reduce water loss but maintain high 
rates of carbon fixation (hence high productivity). However, Monneveux et al. (2006) 
reported highly significant correlations between photosynthetic rate and stomatal 
conductance under rainfed conditions. In the current study,  photosynthetic rate was generally 
positively associated with stomatal conductance, Ci/Ca, NDVI, specific leaf area, WUEDM-
Maturity, WUEGrain and grain yield,  but not with leaf intrinsic WUE.  Johnson et al. (1987) 
also found no significant correlation between photosynthetic rate and leaf WUE. Higher 
stomatal conductance resulted in the lower leaf intrinsic WUE. van den Boogaard et al. 
(1997) found that differences in WUE at the leaf level were related to variation in stomatal 
conductance, rather than the rate of photosynthesis. The current study supports this as a 
negative correlation between photosynthetic rate and stomatal conductance with leaf WUE 
was observed in environments differing for soil moisture.   
The very strong observed negative relationship of leaf intrinsic WUE with Ci/Ca is 
consistent with the statement of Condon et al. (2002) that leaf intrinsic WUE is a negative 
function of the ratio Ci (the intercellular CO2 concentration) and Ca (atmospheric CO2 
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concentration). Higher Ci/Ca was associated with specific leaf area in general, WUEGrain and 
grain yield.  However, different traits contribute to yield and WUE at different growth stages 
and some of the observed relationships changed with the environment.  
Carbon isotope discrimination was measured to estimate instantaneous water use 
efficiency (Condon et al. 1990). Higher stomatal conductance was associated with higher ΔG 
(high WUE), confirming the hypothesis that low Δ genotypes use less water through stomatal 
conductance. The low ΔG (high WUE) genotypes had higher leaf intrinsic WUE leading to 
higher grain yield, these associations were significant in the selected set of genotypes 
compared to the whole set in the field studies mentioned earlier. 
No relationship between leaf WUE and plant WUE was observed in the field in 2011 
which contradicts with the findings of Knight et al. (1994). Leaf WUE was also not strongly 
correlated to grain yield. Xue et al. (2002) found no correlation between gas exchange 
parameters, leaf WUE and grain yield under water stress. According to van den Boogaard et 
al. (1997), when high leaf WUE is associated with low yield this indicates stomatal limitation 
of photosynthesis, whereas when it is associated with high yield it reflects differences in 
photosynthetic capacity rather than stomatal conductance. In the current study, stomatal 
conductance was also the main limitation to leaf WUE, furthermore photosynthetic rate 
showed no or a negative association with the leaf WUE. A lower value of Ci/Ca and hence 
improved leaf intrinsic WUE can be achieved either through lower stomatal conductance or 
higher photosynthetic capacity or a combination of both (Condon et al. 2002). Nevertheless, 
this study supports the hypothesis that lower stomatal conductance favours higher WUE.  In 
dry environments, low stomatal conductance and high leaf WUE can result in considerable 
grain yield improvement. 
These experiments identified several SYN-DER genotypes (2, 4 and 10) that can be 
used as a source of genetic diversity for important physiological traits to improve WUE and 
grain yield. 
 
4.4.6 Spike parameters 
 Yield is directly and multilaterally determined by a number of spike traits (Wu et al. 
2012b). Optimized phenological patterns will permit the maximum partitioning of the 
available assimilates to the spikes (Reynolds et al. 2009). 
Significant year, environment, genotype and environment x genotype interactions 
were found for all spike traits due to contrasting weather conditions during the three years of 
study. Lowest 1000 grain weight was noted in the driest environment. Plaut et al. (2004) 
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reported that water stress in wheat did not reduce grain number but affected 1000 grain 
weight. There was considerable variation among the materials tested for most grain and spike 
characteristics and some, such as spike length, kernels per spikelet and number of grains per 
spike showed a weak association with grain yield. However, high tillering was negatively 
correlated with most spike traits. It is likely that tillering capacity per se is less important than 
the development of vigorous tillers with numerous large kernels per spike (Duggan et al. 
2000). Blum et al. (1990) also reported that the highest grain yield per plant was usually from 
wheat cultivars that produced many kernels per ear, even though they tend to be the lowest in 
potential tillering. Several genotypes in the current study (2, 4, 6 and 10) met these criteria 
(least tillers, superior spike traits and higher grain yield).  
  Maich et al. (2007) reported that grain number m
-2
 had the greatest influence on grain 
yield, an observation supported by this study. In an effort to restructure the wheat plant 
architecture to improve productivity, a plant with higher 1000 grain weight, higher number of 
grains per spike and other plant traits was developed (Singh et al. 2007b). The contribution of 
yield components to increased grain yield of wheat is widely discussed (Waddington et al. 
1986; Calderini et al. 1995; Fischer 2001; Reynolds et al. 2005b; Reynolds et al. 2007a; 
Rebetzke et al. 2011; 2012b; Sanchez-Garcia et al. 2012) and several putative QTLs for 
various spike traits have been identified (Li et al. 2007; Wu et al. 2012b). 
 
4.4.7 Conclusion 
The response of the assessed traits varied over the environments. Generally the 
heritability and associations with grain yield were stronger under more productive conditions.  
In general, those genotypes with higher agronomic trait values did not use significantly more 
water indicating that it is possible to develop improved wheat germplasm with lower water 
requirements. Early development, fewer tillers, taller plant height, greater biomass at anthesis 
and maturity and higher harvest index were the key agronomic traits contributing to improved 
WUE and grain yield. NDVI (at tillering - representing early vigor, and at post anthesis), 
better canopy cover, higher chlorophyll content and greater CTD and CID are the important 
physiological traits with high heritability that positively influence WUE and grain yield.  Leaf 
traits (leaf area, length, width, dry leaf weight, specific leaf weight, glaucousness) gas 
exchange parameters (high photosynthetic rate, intercellular CO2 concentration, mesophyll 
conductance to CO2, leaf intrinsic WUE, low Ci/Ca and stomatal conductance to water 
vapour) and spike traits (higher spike length, number of grains per spike, single spike weight, 
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grain weight per spike, number of kernels per spikelet, thousand grain weight) all  contributed 
to a varying degree to  improved WUE and grain yield. 
Biomass at maturity, NDVI (early vigor), canopy cover, chlorophyll content, CTD 
and CID and leaf intrinsic WUE were identified as vital physiological traits that can be used 
as surrogates to improved WUE and grain yield. It is likely that high leaf intrinsic WUE if 
combined with greater early vigour would be effective in raising yield in many parts of 
Australia and other rainfed environments where cereals are grown (Condon et al. 2002). 
However, while early vigour is easily measured, it is much more difficult and time 
consuming to assess leaf intrinsic WUE. In this instance parental materials could be assessed 
and the expression of the trait confirmed in derived progeny following empirical selection for 
yield. The data presented demonstrate the potential of using quantitative physiological traits 
as selection criteria for wheat improvement as suggested by Reynolds et al. (1998).  
Through multiple regression analysis the key traits that  contribute to  improved WUE 
were identified and include NDVI, leaf length, leaf width, CTD, biomass at anthesis, biomass 
at maturity, plant height, harvest index, spike length, number of kernels per spikelet, thousand 
grain weight and grain yield.  
More recently a conceptual model for drought adaptation in wheat was proposed in 
which the traits assessed in the current study were placed in four different groups (G1 
(vigor/ground cover); G2 (low canopy temperature); G3 (high harvest index and low 
13
C 
discrimination); G4 (leaf wax)) such that the physiological effects between groups are 
relatively independent (Reynolds et al. 2005a). The aim was to cross the contrasting parents 
in these trait-groups to pyramid drought-adaptive genes. Using these traits, specific ideotypes 
could be developed for different environments, i.e. optimum conditions or variable drought 
conditions. Ultimately, the identification and use of molecular markers linked to these 
physiological traits will speed up the process of selection and can aid in pyramiding the traits 
in wheat improvement programs. 
Genotypes 2, 4, 5 and 11 were the highest yielding and most drought tolerant (lowest 
DSI in 2009, the driest year). Overall, the synthetic derived materials were the most 
promising for yield and WUE indicating the importance of new or extended genetic diversity 
for grain yield. The synthetic lines are a potential source of new, largely additive, genetic 
variation for response to limited moisture (Trethowan and Mahmood 2011). These genotypes 
could be an asset for the improvement of leaf level intrinsic WUE, crop water use, and grain 
yield in wheat crop.  
 
 95 
  
5. Relationships between root morphology and grain yield 
 
5.1 Introduction 
 Roots comprise close to half of total plant biomass (Waisel et al. 2002; 
http://www.fbsadvantage.com/blog/the-hidden-half/) and are critically involved in water up 
take and nutrient supply. Despite of their crucial significance less attention has been given to 
roots compared to more easily assessed above ground traits. Roots respond to various stresses 
including water deficit, the most common plant stress globally. Increased subsoil water 
extraction by wheat roots, enhanced through management or breeding, can increase yield. 
However, the benefits depend on the seasonal pattern of water availability as influenced by 
rainfall distribution, soil type and management (Lilley and Kirkegaard 2011). Under soil 
water deficit, the ability of crop roots to extract soil water depends on their distribution and 
depth (Dardanelli et al. 2004). Deeper roots can extract more water from depth thus avoiding 
water deficits at critical growth stages resulting in higher harvest indices and reduced water 
loss by deep drainage (Ludlow and Muchow 1990). Increased early vigour leads to faster, 
deeper root growth and more adventitious roots in the top soil thus improving water and 
nutrient use and reducing evaporative losses from the top soil (Richards et al. 2001). 
Generally, 70% of the total root volume is found in the top 0-30 cm soil layer, where 
most nutrients are present in the majority of the agricultural soils (Manske and Vlek 2002). 
The existing root length density of wheat is not sufficient to extract all the water available 
deep in the soil profile (Clarke and Townley-Smith 1984). However, the improved 
performance of synthetic derived lines under drought stress compared to their adapted 
recurrent parents was found to be associated with increased partitioning of root mass deeper 
in the soil profile (between 60-120 cm) thus increasing water extraction from depth 
(Reynolds et al. 2007b). Where soil water is replenished at depth between crops, greater 
rooting depth leads to improved stability in grain yield, but where the soil water is not 
replenished greater rooting depth has little advantage (Ludlow and Muchow 1990). Several 
researchers have reported the importance of a deep root system for extracting moisture and 
improved performance under water limited environments in various crops (Sinclair 1994 in 
Sorghum; Turner et al. 2001 in pulses; Kamoshita et al. 2002 in rice; Reynolds et al. 2007b; 
Wasson et al. 2012 in wheat).  
 Manske and Vlek (2002) reported that differences in total root volume in 0-100 cm of 
soil profile were not responsible for improved WUE. However, greater water extraction deep 
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in the soil increases WUE because this water is used solely for transpiration, not lost through 
evaporation (Richards 1991). Richards further argued that the root mass (adventitious roots) 
in spring cereals is abundant in the top 30 cm of the soil, and can be reduced by reducing 
tillering. Passioura (1982) reported that root length density greater than 0.5 cm cm
-3
 can be 
sufficient to extract all the water from the soil. He concluded that two root traits are important 
in conferring drought resistance of crop plants. These are; (i) root length density which 
determines the extent to which the roots can extract water; in wet soils large root length 
density (> 0.5 cm cm
-3
) at depth is required for the complete extraction of available water, 
and (ii) longitudinal resistance to flow in the main xylem vessel in the seminal axes which 
can influence the rate at which water is transported to the shoot through a dry topsoil. 
Depending on the environment, Passioura suggested either decreasing the resistance 
(increased xylem) if the crops leave available water in the soil at maturity or increasing 
resistance (decreased xylem) if the roots leave an insufficient supply of stored water in the 
soil at flowering to support high harvest index. 
In the drying soil profile the roots send chemical signals to leaves thus reducing 
transpiration, decreasing growth rate and increasing WUE (Passioura 1988; Davies and 
Zhang 1991; Reynolds et al. 2005a). Genes controlling root length and thickness may 
improve drought tolerance as deeper, more effective root systems avoid or delay the effects 
of drought (Ober 2008). Manschadi et al. (2008) suggested that selection for root growth 
angle and number of seminal roots may result in better adaptation to drought conditions. 
Vigorous or large root systems contribute to adaptation in dry environments when crops rely 
on seasonal rainfall, however they are less valuable in environments where the crop growth is 
dependent on stored soil water due to the risk of soil water depletion during grain filling 
(Palta et al. 2011). Wasson et al. (2012) recently proposed that wheat varieties with a deep 
root system, increased root density at depth, decreased root density at the surface and greater 
radial hydraulic conductivity at depth (through an increase in root hairs and/or xylem 
diameter) would have higher yields in rainfed systems where crops rely on deep water for 
grain filling. The simplest way to increase root depth and distribution is to increase the 
duration of the vegetative period by sowing earlier or planting later-flowering genotypes 
(Richards et al. 2001). 
Genotypic variation in wheat root traits has been reported in both controlled 
environments and under field conditions. However, there is a risk that traits selected in the 
laboratory on young plants will not translate into superior performance in the field (Wasson 
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et al. 2012). The root study reported here was conducted under natural field conditions in a 
dry year (2009) at Narrabri in north-western NSW.  
The objectives of the study were to; (i) determine the extent of genotypic variation in 
root traits in genetically diverse wheat germplasm tested under high and low moisture 
environments and root distribution patterns at various soil depths in response to water stress; 
(ii) examine the association of root traits with the above ground agronomic traits and their 
contribution to the water use, improved water use efficiency and productivity, and (iii) 
estimate the heritability of root traits. 
 
5.2 Materials and methods  
The experiments conducted during 2009 are described in chapters 3 and 4. These 
experiments were used to study the genotypic variation in below-ground root traits and their 
association with above ground agronomic traits, water use, WUE and grain yield.  
 
5.2.1 Measurement of root traits 
Root sampling was conducted after harvesting the high (E1) and low (E2) moisture 
experiments in 2009. Soil cores of 44 mm width and 70 cm length were extracted from the 
middle of each plot using a tractor mounted hydraulic corer. The entire soil cores were then 
sectioned into 0-15, 15-30 and 30-60 cm lengths and each section was kept in resealable 
plastic bags to maintain the sample moisture. All samples were then stored at 5 
O
C until 
washed. Each section was washed in tap water to separate roots from the soil and any debris 
using a 1 mm mesh sieve. Root data in each section were recorded using a digital image 
analysis system (WinRhizo Software, Colour Optical Scanner STD4800 with Special 
Lighting System and Roots Positioning System (Translucent Trays), Regent Instruments Inc., 
Canada). A see through tray of 10 x 15 cm was used to immerse the roots in water taking care 
to separate the roots to avoid any overlap and data were recorded using a simple scanning 
interface. Soil volume of each section was used to convert root length into root length 
density. Root studies could not be repeated in the following years due to the higher soil clay 
content which hindered the soil coring and subsequent washing procedure. 
 
5.2.2 Statistical analysis 
Analysis of variance was carried out for each trait separately and combined over 
environments using the general analysis of variance procedure of GenStat statistical software, 
version 14.1 (Payne et al. 2011). The treatment means were compared by Fisher's protected 
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least significant difference test at P < 0.05. Relationships among root traits and other 
parameters were computed using Pearson’s simple correlation test of GenStat (Payne et al. 
2011). 
Broad sense heritability (H) was calculated as described by Sanguineti et al. (2007) on 
a mean basis across three replications according to the following formula: 
H = σ2G/ (σ
2
G + σ
2
E/r) 
Where σ2G and σ
2
E represent the genotypic and the environmental components of the 
phenotypic variance, respectively and r is the number of replications. 
 Multiple regression was used to identify the percentage contribution of root traits to 
dry matter and grain WUE and grain yield. The General Linear Regression, Forward 
Selection procedure of GenStat, version 14.1 was used for this purpose. 
 
5.3 Results 
5.3.1 Analysis of variance 
 Significant genotype, depth and genotype x depth interactions were detected for root 
traits among fifteen wheat genotypes assessed in the high moisture environment (E1) (Table 
5.1). Root diameter did not differ with soil depth. Genotypes showed significant variation for 
root length, root diameter and root length density at each depth. Similarly, genotypes also 
differed on the basis of overall mean root traits at 0-60 cm. The greatest total root length and 
root length density along the 60 cm soil profile was produced by the synthetic derived 
genotypes 4, 5, 6 and 10. Likewise the highest root diameter was observed in the synthetic 
derived genotypes 2, 4, 6 and cultivar 11. Genotypes 4 and 5 were superior for all three root 
traits studied. All root traits had high heritability (H = 0.88 - 0.98) in the water non-limiting 
environment. 
 Highly significant genotypic variability was found for all root traits in the low 
moisture environment (E2) (Table 5.2). Significant differences were also observed for depth 
and genotype x depth interactions. Significant genotypic differences were detected for all root 
parameters at each soil depth and averaged over the total soil profile. Genotypes 4, 5, 6, 8 and 
11 had the highest root length and root length density, while 4, 5, 6 and 7 had the greatest 
root diameter. The synthetic derived genotypes 4, 5 and 6 were superior for all three root 
traits in both environments. The heritability was also high (H = 0.88 – 0.97) for root 
parameters in the water limiting environment.  
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Table 5.1. Combined analysis (mean squares) of mean root traits for different depths and total 
depth in high moisture environment (E1) during 2009. 
SOV  d.f. 
Root length 
(cm) 
Root diameter 
(mm) 
Root length 
density 
(cm cm
-3
) 
   Mean square  
Genotype 14 17398.8*** 0.0014079*** 0.1423*** 
Residual 14 265.1 0.0001694 0.002286 
Depth 2 274687.6*** 0.0000459
ns
 7.818727*** 
Genotype.Depth 28 2004.0*** 0.0004614*** 0.028006*** 
Residual 30 270.5 0.000102 0.002641 
Total 89    
Genotype (Individual 
depth) 
    
0-15 cm 14 13772.7*** 0.0006236*** 0.158261*** 
15-30 cm 14 2096.3*** 0.0008358*** 0.024089*** 
30-60 cm 14 5537.7*** 0.0008713*** 0.0159624*** 
    
Genotype (Total depth, 0-60 cm)    
Genotype 14 52196.3*** 0.00046929*** 0.0474334*** 
    Mean  
 1  1034.3 d 0.1827 e 1.01 cd 
 2  907.1 f 0.211 ab 0.89 e 
 3  1051.4 cd 0.1949 bcde 1.03 c 
 4  1099.1 bc 0.2175 a 1.09 b 
 5  1143.4 ab 0.1883 cde 1.12 ab 
 6  1149.1 ab 0.204 abc 1.11 ab 
 7  1042.3 cd 0.1903 cde 1.02 c 
 8  894.5 f 0.1994 bcd 0.87 ef 
 9  884.6 f 0.1807 e 0.86 ef 
 10  1186.2 a 0.1627 f 1.15 a 
 11  852.4 f 0.2201 a 0.83 fg 
 12  970.3 e 0.1832 e 0.95 d 
 13  775.4 g 0.1906 cde 0.78 gh 
 14  749.8 g 0.1832 e 0.74 h 
 15  640.4 h 0.185 de 0.63 i 
     CV (%)  2.9 3.9 2.9 
  Heritability  0.98 0.88 0.98 
 
*** indicate significant at P=<0.001; ns = Non-significant. 
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Table 5.2. Combined analysis (mean squares) of root traits for different depths and total depth 
in low moisture environment (E2) during 2009. 
SOV  d.f. 
Root length 
(cm) 
Root diameter 
(mm) 
Root length 
density 
(cm cm
-3
) 
   Mean square  
Genotype 14 18899.7*** 0.00115892*** 0.157012*** 
Residual 14 536.2 0.00016377 0.004105 
Depth 2 67229.9*** 0.00459676*** 2.451305*** 
Genotype.Depth 28 2498.9*** 0.00016239* 0.035751*** 
Residual 30 203.9 0.00008542 0.001847 
Total 89    
Genotype (Individual 
depth) 
    
0-15 cm 14 16103.2*** 0.00071342*** 0.185041*** 
15-30 cm 14 2440.1*** 0.0006364* 0.028039*** 
30-60 cm 14 5354.1*** 0.00013384* 0.015433*** 
Genotype (Total depth, 0-60 cm)    
Genotype 14 56699*** 0.00038631*** 0.052337*** 
    Mean  
 1  641.7 efg 0.1545 f 0.60 ef 
 2  674.7 cdefg 0.1578 ef 0.65 cde 
 3  673.3 cdefg 0.162 def 0.64 cde 
 4  803.5 b 0.1847 ab 0.76 b 
 5  758 bc 0.1947 a 0.72 bc 
 6  1208.9 a 0.1941 a 1.15 a 
 7  624.3 fgh 0.1824 abc 0.58 efg 
 8  727 bcde 0.1769 bcd 0.69 bcd 
 9  495.6 j 0.1545 f 0.47 i 
 10  593 ghi 0.1688 cdef 0.56 fgh 
 11  734.5 bcd 0.1696 bcdef 0.70 bcd 
 12  682 cdef 0.172 bcde 0.66 cde 
 13  662.4 defg 0.1551 f 0.62 def 
 14  545.9 hij 0.163 def 0.51 ghi 
 15  514.3 ij 0.1588 ef 0.48 hi 
  CV (%)  5.8 4.3 5.7 
Heritability  0.97 0.86 0.97 
 
*, *** indicate significant at P=<0.05 and P=<0.001. 
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Root parameters at different soil depths up to 60 cm for fifteen wheat genotypes in E1 
and E2 are presented in Figure 5.1. In E1 the synthetic derived genotypes 5, 6 and 10 had the 
greatest root length and root length density at all depths. Genotype 4 had greater root length, 
root diameter and root length density only at 0-15 cm depth, whereas genotype 11 was 
superior for root diameter at all depths. Similarly, genotype 6 had a higher root diameter at 
30-60 cm depth. In E2 the synthetic derived genotypes 4, 5 and 6 had the greatest root length, 
root diameter and root length density at all the soil depths studied. Genotype 6 had 
exceptionally high values for root traits in this water limited environment compared to other 
genotypes which may be influenced by its late maturing habit. For the details of maturity of 
this line please refer to the more favourable seasons (E5 and E6) data mentioned in the 
chapter 2. 
 The combined analysis of root traits for different depths in E1 and E2 is presented in 
Table 5.3. No environmental differences were observed for root diameter, whereas highly 
significant differences were detected among genotypes, depths and all associated interactions. 
The expression of all root traits was reduced in E2 and this reduction was observed in all 
genotypes at all depths.  
 The combined analysis of total soil depth (0-60 cm) in both environments (Table 5.4) 
again showed non-significant environment effects for root diameter, whereas highly 
significant genotypic and genotype x environment interactions were observed. Root traits 
decreased in E2 and this trend was noted for all genotypes. The later maturing genotype 6 
showed the least reduction in root traits under water limited conditions.   
 
5.3.2 Relationships among traits 
 Root traits at different depths showed varying degrees of relationship in E1 (Table 
5.5). Root length and root length density at different depths showed strong associations (r = 
0.83 - 0.91) across depths. Whereas, a weak positive association (r = 0.38 - 0.44) was 
detected for root diameter at different depths. All the root traits assessed at different depths 
contributed significantly to the whole profile mean. Root length and root length density did 
not correlate with root diameter, whereas both were significantly associated (r = 0.83 - 1.0) 
with each other.  
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Figure 5.1. Root length (cm), root diameter (mm) and root length density (cm cm
-3
) distribution in different soil layers up to 60 cm depth for 15 
wheat genotypes in high (a, upper E1) and low (b, lower E2) moisture environments during 2009. 
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Table 5.3. Combined analysis (mean squares) of root traits for different depths in E1 and E2 
during 2009. 
SOV  d.f. 
Root length 
(cm) 
Root diameter 
(mm) 
Root length 
density 
(cm cm
-3
) 
Environment 1 362936.2** 0.02375672
ns
 3.667715*** 
Residual 1 12.0 0.00020459 0.000006 
Genotype 14 27368.8*** 0.00164249*** 0.225306*** 
Environment.Genotype 14 8929.7*** 0.0009243*** 0.074006*** 
Residual 28 400.6 0.00016659 0.003195 
Depth 2 291250.0*** 0.00254658*** 9.50923*** 
Environment.Depth 2 50667.5*** 0.00209606*** 0.760802*** 
Genotype.Depth 28 2959.0*** 0.00027157*** 0.043565*** 
Environment.Genotype.Depth 28 1543.9*** 0.00035225*** 0.020192*** 
Residual 60 237.2 0.00009369 0.002244 
Total 179    
 
**, *** indicate significant at P=<0.01 and P=<0.001; ns = Non-significant. 
 
 
Table 5.4. Combined analysis (mean squares) of root traits for total depth (0-60 cm) in E1 
and E2 during 2009. 
SOV  d.f. 
Root length 
(cm) 
Root diameter 
(mm) 
Root length 
density 
(cm cm
-3
) 
Environment 1 1088809** 0.00791891
ns
 1.222572*** 
Residual 1 36 0.0000682 0.000002 
Genotype 14 82106*** 0.0005475*** 0.075102*** 
Environment.Genotype 14 26789*** 0.0003081*** 0.024669*** 
Residual 28 1202 0.00005553 0.001065 
Total 59    
 
**, *** indicate significant at P=<0.01 and P=<0.001. 
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Table 5.5. Relationships (correlation coefficients) among root traits of 15 genotypes in the high moisture environment (E1) during 2009.  
Root trait
1
 
RL cm  
(0-15cm) 
RL cm 
(15-30cm) 
RL cm 
(30-60cm) 
TRL cm 
(0-60cm) 
RD mm 
(0-15cm) 
RD mm 
(15-30cm) 
RD mm 
(30-60cm) 
TRD mm 
(0-60cm) 
RLD cm cm-3 
(0-15cm) 
RLD cm cm-3 
(15-30cm) 
RLD cm cm-3 
(30-60cm) 
RLD cm cm-3 
(0-60cm) 
RL cm (0-15cm) -            
RL cm (15-30cm) 0.83** -        0.05% 0.01%  
RL cm (30-60cm) 0.91** 0.88** -      d.f = 13 0.51 0.64  
TRL cm (0-60cm) 0.98** 0.92** 0.97** -         
RD mm (0-15cm) 0.11 0.09 -0.05 0.05 -        
RD mm (15-30cm) -0.29 -0.12 -0.27 -0.26 0.41 -       
RD mm (30-60cm) 0.10 0.09 0.15 0.12 0.38 0.44 -      
TRD mm (0-60cm) -0.04 0.02 -0.07 -0.04 0.74** 0.80** 0.79** -     
RLD cm cm
-3 
(0-15 cm) 1.00** 0.83** 0.91** 0.98** 0.11 -0.29 0.10 -0.04 -    
RLD cm cm
-3 
(15-30 cm) 0.83** 1.00** 0.88** 0.92** 0.09 -0.12 0.09 0.02 0.83** -   
RLD cm cm
-3 
(30-60 cm) 0.91** 0.88** 1.00** 0.97** -0.05 -0.27 0.15 -0.07 0.91** 0.88** -  
RLD cm cm
-3 
(0-60 cm) 0.98** 0.92** 0.95** 1.00** 0.07 -0.26 0.11 -0.03 0.98** 0.92** 0.95** - 
 
1 RL cm (0-15cm), root length (cm) in 0-15 cm soil depth; RL cm (15-30cm), root length (cm) in 15-30 cm soil depth; RL cm (30-60cm), root length (cm) in 30-60 cm soil depth; TRL cm (0-60cm), total root length 
(cm) in 0-60 cm soil depth; RD mm (0-15cm), root diameter (mm) in 0-15 cm soil depth; RD mm (15-30cm), root diameter (mm) in 15-30 cm soil depth; RD mm (30-60cm), root diameter (mm) in 30-60 cm soil 
depth; TRD mm (0-60cm), total root diameter (mm) in 0-60 cm soil depth; RLD cm cm-3 (0-15 cm), root length density (cm cm-3) in 0-15 cm soil depth; RLD cm cm-3 (15-30 cm), root length density (cm cm-3) in 15-
30 cm soil depth; RLD cm cm-3 (30-60 cm), root length density (cm cm-3) in 30-60 cm soil depth; RLD cm cm-3 (0-60 cm), root length density (cm cm-3) in 0-60 cm soil depth.   
*, ** indicates significant at P=<0.05 and P=<0.01.  
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The relationships among root traits and above ground traits, water use and water use 
efficiency in E1 are presented in Table 5.6. NDVI was significantly associated (r = 0.66) with 
root diameter (30-60 cm). Among leaf traits studied, leaf area and weight were significantly 
associated with root length (0-15 cm) and root length density (0-15 cm). Similarly, leaf length 
correlated with root length and root length density at all depths. Heading dates of individual 
genotypes did not affect the expression of root traits. Many spike traits were associated with 
the root parameters. Number of spikelets per spike and grain weight per spike were 
significantly associated with the total root diameter (r = 0.56). Significant associations were 
also detected between all three root traits assessed at different depths including the whole soil 
profile (0-60 cm) and number of grains per spike and number of kernels per spikelet. 
Thousand grain weight was not associated with greater root values. Biomass at anthesis was 
correlated with root diameter (30-60 cm) (r = 0.72) and total root diameter (0-60 cm) (r = 
0.54). Increased water use was not associated with higher root trait values. However, root 
diameter at different depths contributed to higher WUEDM-Maturity and grain yield. Root 
length and root length density were weakly positively associated with WUE and grain yield. 
Relationships among root traits at different depths in E2 are presented in Table 5.7. 
Root traits were highly significantly associated among depths for root length (r = 0.75 - 0.96), 
root diameter (r = 0.65 - 0.81) and root length density (r = 0.75 - 0.96). Root length and root 
length density at different depths were significantly correlated with root diameter. A strong 
association was also detected between root length and root length density at all depths.  
 The data for many above ground traits were not available for E2 and several of the 
assessed traits did not show any association with root traits, hence these relationships are not 
presented. Early heading genotypes tended to have slightly higher values for root traits (Table 
5.8). Roots in this environment were actively involved in the extraction of soil moisture at 
anthesis and maturity as shown by generally positive and sometimes significant associations. 
Root length and root length density at 15-30 cm and root diameter at 30-60 cm showed 
significant association with WUEGrain (r = 0.66 and 0.52, respectively). The other root depths 
also contributed positively to WUEGrain though not significantly. Grain yield was significantly 
correlated with root diameter (r = 0.51 - 0.66), root length (15-30 cm) (r = 0.74) and root 
length density (15-30 cm) (r = 0.74). Total root length and density and total average diameter 
(0-60 cm) also contributed significantly to increased grain yield. 
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Table 5.6. Relationship (correlation coefficients) of root traits
1
 with above ground traits, water use and water use efficiency in the high moisture 
environment (E1) during 2009.  
Trait
2
 
RL cm  
(0-15cm) 
RL cm 
(15-30cm) 
RL cm 
(30-60cm) 
TRL cm 
(0-60cm) 
RD mm 
(0-15cm) 
RD mm 
(15-30cm) 
RD mm 
(30-60cm) 
TRD mm 
(0-60cm) 
RLD cm cm-3 
(0-15cm) 
RLD cm cm-3 
(15-30cm) 
RLD cm cm-3 
(30-60cm) 
RLD cm cm-3 
(0-60cm) 
NDVI (grainfill) 0.27 0.08 0.24 0.23 0.04 0.18 0.66** 0.40 0.27 0.08 0.24 0.23 
LA 0.61* 0.24 0.38 0.49 0.16 -0.17 -0.11 -0.06 0.61* 0.24 0.38 0.50 
LL  0.55* 0.45 0.56* 0.55* -0.36 -0.02 -0.10 -0.19 0.55* 0.45 0.56* 0.55* 
LW 0.48 0.21 0.36 0.41 -0.03 0.22 0.33 0.23 0.48 0.21 0.36 0.41 
LWT 0.55* 0.25 0.38 0.46 0.17 -0.08 -0.10 -0.02 0.55* 0.25 0.38 0.47 
DH -0.37 -0.08 -0.20 -0.27 -0.18 -0.19 0.18 -0.07 -0.37 -0.08 -0.20 -0.28 
SL 0.29 0.21 0.33 0.30 -0.02 0.35 0.12 0.20 0.29 0.21 0.33 0.29 
NSPS 0.05 0.23 0.17 0.13 0.10 0.54* 0.63* 0.56* 0.05 0.23 0.17 0.12 
NGPS 0.52* 0.56* 0.56* 0.56* 0.35 0.49 0.69** 0.66** 0.52* 0.56* 0.56* 0.56* 
GWPS 0.32 0.35 0.33 0.34 0.31 0.48 0.50 0.56* 0.32 0.35 0.33 0.34 
NKPS 0.71** 0.64** 0.69** 0.71** 0.40 0.30 0.54* 0.54* 0.71** 0.64** 0.69** 0.71** 
TGW -0.17 -0.45 -0.35 -0.29 0.00 -0.27 -0.50 -0.35 -0.17 -0.45 -0.35 -0.28 
BIM 0.26 0.09 0.16 0.21 0.23 0.29 0.72** 0.54* 0.26 0.09 0.16 0.21 
WUa 0.24 0.13 0.07 0.17 -0.27 -0.22 -0.17 -0.28 0.24 0.13 0.07 0.19 
WUm 0.21 0.27 0.18 0.22 -0.26 -0.02 0.13 -0.05 0.21 0.27 0.18 0.23 
WUEDM-Maturity  0.14 -0.10 0.04 0.07 0.45 0.34 0.72** 0.65** 0.14 -0.10 0.04 0.07 
WUEGrain 0.34 0.28 0.33 0.34 0.32 0.26 0.74** 0.58* 0.34 0.28 0.33 0.34 
GRY 0.41 0.38 0.39 0.42 0.19 0.24 0.76** 0.53* 0.41 0.38 0.39 0.42 
 
1 The details of root traits are presented in Table 5.5. 
2 NDVI, normalized difference vegetation index; LA, leaf area (cm2); LL, leaf length (cm); LW, leaf width (cm); LWT, leaf weight (mg); DH, days to heading; SL, spike length (cm); NSPS, number of spikelets per 
spike; NGPS, number of grains per spike; GWPS, grain weight per spike (g); NKPS, number of kernels per spikelet; TGW, thousand grain weight (g); BIM, biomass at maturity (kg ha-1); WUa, crop water use at 
anthesis (mm); WUm, crop water use at maturity (mm); WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1 mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, 
grain yield (kg ha-1). 
 *, ** indicates significant at P=<0.05 and P=<0.01.  
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Table 5.7. Relationship (correlation coefficients) among root traits of 15 genotypes in low moisture environment (E2) during 2009.  
Root trait
1
 
RL cm  
(0-15cm) 
RL cm 
(15-30cm) 
RL cm 
(30-60cm) 
TRL cm 
(0-60cm) 
RD mm 
(0-15cm) 
RD mm 
(15-30cm) 
RD mm 
(30-60cm) 
TRD mm 
(0-60cm) 
RLD cm cm-3 
(0-15cm) 
RLD cm cm-3 
(15-30cm) 
RLD cm cm-3 
(30-60cm) 
RLD cm cm-3 
(0-60cm) 
RL cm (0-15cm) -            
RL cm (15-30cm) 0.75** -        0.05% 0.01%  
RL cm (30-60cm) 0.96** 0.77** -      d.f = 13 0.51 0.64  
TRL cm (0-60cm) 0.98** 0.84** 0.98** -         
RD mm (0-15cm) 0.71** 0.65** 0.79** 0.76** -        
RD mm (15-30cm) 0.41 0.54* 0.44 0.47 0.82** -       
RD mm (30-60cm) 0.72** 0.78** 0.79** 0.79** 0.81** 0.65** -      
TRD mm (0-60cm) 0.64** 0.68** 0.70** 0.70** 0.96** 0.93** 0.84** -     
RLD cm cm
-3 
(0-15 cm) 1.00** 0.75** 0.96** 0.98** 0.71** 0.41 0.72** 0.64** -    
RLD cm cm
-3 
(15-30 cm) 0.75** 1.00** 0.77** 0.84** 0.65** 0.54* 0.78** 0.68** 0.75** -   
RLD cm cm
-3 
(30-60 cm) 0.96** 0.77** 1.00** 0.98** 0.79** 0.44 0.79** 0.70** 0.96** 0.77** -  
RLD cm cm
-3 
(0-60 cm) 0.98** 0.85** 0.97** 1.00** 0.75** 0.47 0.79** 0.69** 0.98** 0.85** 0.97** - 
 
1 RL cm (0-15cm), root length (cm) in 0-15 cm soil depth; RL cm (15-30cm), root length (cm) in 15-30 cm soil depth; RL cm (30-60cm), root length (cm) in 30-60 cm soil depth; TRL cm (0-60cm), total root length 
(cm) in 0-60 cm soil depth; RD mm (0-15cm), root diameter (mm) in 0-15 cm soil depth; RD mm (15-30cm), root diameter (mm) in 15-30 cm soil depth; RD mm (30-60cm), root diameter (mm) in 30-60 cm soil 
depth; TRD mm (0-60cm), total root diameter (mm) in 0-60 cm soil depth; RLD cm cm-3 (0-15 cm), root length density (cm cm-3) in 0-15 cm soil depth; RLD cm cm-3 (15-30 cm), root length density (cm cm-3) in 15-
30 cm soil depth; RLD cm cm-3 (30-60 cm), root length density (cm cm-3) in 30-60 cm soil depth; RLD cm cm-3 (0-60 cm), root length density (cm cm-3) in 0-60 cm soil depth.   
*, ** indicates significant at P=<0.05 and P=<0.01.  
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Table 5.8. Relationship (correlation coefficients) of root traits
1
 with days to heading, water use and water use efficiency in low moisture 
environment (E2) during 2009.  
Trait
2
 
RL cm  
(0-15cm) 
RL cm 
(15-30cm) 
RL cm 
(30-60cm) 
TRL cm 
(0-60cm) 
RD mm 
(0-15cm) 
RD mm 
(15-30cm) 
RD mm 
(30-60cm) 
TRD mm 
(0-60cm) 
RLD cm cm-3 
(0-15cm) 
RLD cm cm-3 
(15-30cm) 
RLD cm cm-3 
(30-60cm) 
RLD cm cm-3 
(0-60cm) 
DH -0.31 -0.43 -0.22 -0.32 -0.24 -0.38 -0.28 -0.33 -0.31 -0.43 -0.22 -0.34 
WUa 0.51** 0.35 0.49 0.49 0.53* 0.48 0.39 0.52* 0.51* 0.35 0.49 0.49 
WUm 0.44 0.38 0.45 0.45 0.48 0.45 0.39 0.49 0.44 0.38 0.45 0.45 
WUEGrain 0.40 0.66** 0.37 0.46 0.41 0.44 0.52* 0.47 0.40 0.66** 0.37 0.48 
GRY 0.49 0.74** 0.46 0.56* 0.51* 0.53* 0.61* 0.58* 0.49 0.74** 0.46 0.57* 
 
1 The details of root traits are presented in Table 5.7. 
2 DH, days to heading; SL, spike length (cm); WUa, crop water use at anthesis (mm); WUm, crop water use at maturity (mm); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
 *, ** indicates significant at P=<0.05 and P=<0.01.  
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5.3.3 Multiple regression analysis 
  In E1, regression analysis showed that total root diameter contributed 38.3% of the 
variance in WUEDM-Maturity (Table 5.9). Similarly, total root length and total root diameter 
were responsible for 37.8% of the variance in WUEGrain and 37.9% in grain yield. In E2, all 
three root traits were important and contributed 30.7% of the variance in WUEGrain and 45.3% 
in grain yield. 
 
 
Table 5.9. Multiple regression analysis using grain yield, WUEDM-Maturity, and WUEGrain as 
the response (dependent) variables. 
Explanatory variables
1
 WUEDM-Maturity WUEGrain Grain yield 
Environment 1    
1. TRD TRL TRL 
2.  TRD TRD 
Variance (%) 38.3 37.8 37.9 
    
Environment 2    
1. − TRL TRL 
2. − TRD TRD 
3. − RLD RLD 
Variance (%) − 30.7 45.3 
 
1 TRL, total root length (cm) in 0-60 cm soil depth; TRD, total root diameter (mm) in 0-60 cm soil depth; RLD, root length 
density (cm cm-3) in 0-60 cm soil depth; WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-
1 mm-1); WUEGrain, water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
−  = data not available 
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5.4 Discussion 
Water limitation reduces crop yield in rainfed agriculture worldwide (Manschadi et al. 
2006). Maximizing soil moisture capture for transpiration is the main target for yield 
improvement under drought stress. This can be achieved by improved partitioning of 
available water for transpiration which is influenced by root depth (Blum 2009). In 
Mediterranean environments greater root length in intermediate soil depths (0.5 to 0.6 m) is 
probably more important than deeper roots for higher water uptake (Gregory et al. 2009). 
Root diameter is also important as small diameters may limit the rate of water and solute 
transport to the shoot (Nagesh 2006). 
Synthetic hexaploid wheat developed by crossing durum wheat and Aegilops tauschii 
has introduced exciting new genetic diversity for stress tolerance (Trethowan and Mahmood 
2011). These stress adaptive traits, once characterized, can be utilized in breeding and have 
contributed significantly to the improved drought adaptation of CIMMYT wheat germplasm 
(Reynolds et al. 2005a). The yield advantage of synthetic derived lines over their parents is 
due to greater partitioning of root mass at depth (60-120 cm) and increased ability to extract 
water, not an overall increase in dry root mass (Reynolds et al. 2007b). 
In the current study significant variation in root traits was observed among genotypes 
in both high and low moisture environments. A significant reduction in the overall expression 
of these root traits was observed in response to water stress. Reductions in root length 
(Asseng et al. 1998), root diameter (Munoz-Romero et al. 2010) and root length density 
(Schweiger et al. 2009) in wheat were reported earlier under water deficit. Under non-
stressed conditions maximum root length and root length density was observed at 0-15 cm 
depth and this decreased with the depth, whereas root diameter did not reduce significantly 
with soil depth. Under drought stress there was an observed reduction for all root traits with 
the highest mean values recorded near the surface at 0-15cm. Root length density is an 
important plant trait that changes with water availability; it increases in the top soil layers in 
water non-limiting conditions but can increase deeper in the soil profile if the upper layers are 
dry for long periods (Blum 2005). The mean root length density in the total soil profile (0-60 
cm) of the current study was 0.94 and 0.65 cm
3
 cm
-3
 in high and low moisture environments, 
respectively, which was sufficient to extract all the moisture from the soil as root length 
densities greater than 0.5 cm
3
 cm
-3
 are considered sufficient to extract most soil moisture 
(Passioura 1982). 
Significant genotype x environment interactions were detected for most traits. Overall 
the synthetic derived genotypes 4, 5 and 6 were superior for all root traits and this was 
 111 
  
reflected in their greater grain yield and superior WUE. Genotypes 4 and 5 were also among 
the most drought tolerant group. CIMMYT and Australian researchers suggest that the 
success of synthetic wheats may be due to their deeper and thicker roots which provide better 
access to soil water (Ginkel and Ogbonnaya 2007). Deeper root penetration is potentially an 
important component of drought resistance (O’Toole 1982; Fukai and Cooper 1995; 
Reynolds et al. 2007b; Wasson et al. 2012).   
In low moisture environments all root traits at different soil depths were significantly 
associated. A similar observation was made for root length and root length density in high 
moisture conditions.  More favourable relationships between the above ground traits (such as 
NDVI, leaf traits, spike traits, biomass at maturity, WUE and grain yield) and root traits were 
observed in the non-limiting moisture conditions. Clearly, these easier to measure above 
ground characters can be used as indirect selection criteria, particularly in wetter conditions 
where heritabilities are higher. Germplasm selected in this way can be expected to perform 
well when moisture is limiting as these root traits were also linked to better drought tolerance.   
Healthy root systems improve water up-take during water stress thus improving  plant 
water status and reducing injury (Cattivelli et al. 2008). Cattivelli aimed to identify non-
disease related traits that improve WUE and grain yield that can be combined with improved 
resistance to disease. In the current study, genotypes were identified that extracted water 
more efficiently under drought resulting in higher WUE and grain yield. Root traits were an 
integral plant component that contributed between 31 and 45% of total variance in improved 
WUE and grain yield, respectively. Root disease was not a limitation in any of these 
experiments and those genotypes with superior root characteristics can be combined in 
crosses with sources of resistance to root diseases, such as crown rot, to improve the 
adaptation of wheat in northwestern NSW.   
Genetic variation in root system traits should now be given more attention in crop 
improvement as breeding and selection for root traits has been limited compared to above 
ground characters. Stomatal aperture traits which are non-destructive, i.e. canopy temperature 
depression, stomatal conductance or carbon isotope discrimination, can be measured on the 
above ground plant quickly and effectively, and can be used as  indirect measures of root 
depth and water use (Richards et al. 2008). The relationship between root traits recorded in 
2009 and CTD measured during 2011 was calculated and root diameter was significantly 
associated (r = 0.66) with the CTD in E1, likewise root length and root length density was 
significantly associated (r = 0.52/0.54) with CTD in E2. It is clear that the genotypes with 
higher roots values capture and transpire more moisture resulting in cooler canopies and 
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greater WUE and grain yield. Plant breeders can select QTLs for both drought related traits 
(e.g. root traits) and QTLs linked with yield potential to develop new genotypes with superior 
performance at all moisture levels using  marker assisted selection (Cattivelli et al. 2008). 
Clearly, several genotypes in the current study would be excellent parents for the 
development of mapping populations for QTL identification. Genotypes 4, 5 and 6 had the 
greatest root length, root diameter and root length density with improved WUE and produced 
higher grain yield in water deficit. These are important characteristics for drought prone 
areas.  
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6. Effects of environment on grain quality 
 
6.1 Introduction 
 Wheat is considered to be the most important cereal mainly due to its processing 
characteristics and is basically classified into hard, soft and durum categories (Hruskova et al. 
2012). The USA and Canada produce both red and white grained wheat, whereas Australia 
produces only white grained wheat for milling and non-milling (feed) purposes. The bran 
from red wheat is dark and bitter which limits its use for whole wheat products and products 
that require a white appearance, though the flour produced from Australian white wheat is 
ideal for these products. Australian wheat has a high level of versatility on the world market 
and it is blended with other wheats to provide a range of flours for use in noodles, bread and 
bakery products (Bach 2009).  
The principal determinants of wheat quality are endosperm texture (grain hardness), 
protein content and gluten strength (Pasha et al. 2010) and their interrelationships determine 
the end product. Blakeney et al. (2009) stated that the market generally prefers hard grained 
wheat with high (but not excessive) water absorption levels, this combination is also usually 
associated with longer dough development and dough stability times and these wheats are 
used in various bread making technologies. They further explained that soft grained wheat is 
associated with low water absorption and short development time, making them more 
suitable for making cake and biscuit.  
Grain test weight is used by the miller to assess the cleanness, plumpness and packing 
density of grain to help predict flour yield. Test weight varies among varieties due to 
differences in seed size and shape and is reduced in shrivelled and rain damaged grains (Bach 
2009). Genotype, environment and genotype x environment (G x E) interaction can influence 
wheat quality. Guttieri et al. (2001) inferred that drought tolerant genotypes identified based 
on yield stability under water stress will also have stable test weight and floor extraction. In a 
study where wheat was produced under different irrigation levels cultivar x irrigation level 
interactions for protein content and dough strength were identified (Guttieri et al. 2000). 
Nevertheless, the relative effect of genotype, environment and genotype x environment 
interactions must be characterized and quantified to identify better quality advanced lines 
prior to their use in breeding programs (Lukow and McVetty 1991). 
The objective of the current study was to: (i) Assess grain quality traits in genetically 
diverse wheat germplasm tested under high and low moisture environments and the influence 
of year and environment (G x E interactions) on these traits, (ii) estimate genetic variation 
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and heritability of grain quality traits and (iii) determine the relationship among these traits 
and their contribution to grain yield. 
 
6.2 Materials and methods 
The experiments conducted during 2009 to 2011 and described in chapters 3 and 4 
were used here to study the genotypic variation and effects of environment on grain quality 
traits and their association with grain yield.  
Each year genotypes were tested in two environments representing high and low 
moisture. These respective environments are; E1 and E2 (2009), E3 and E4 (2010) and E5 
and E6 (2011), refer to chapter 3 for more details. 
 
6.2.1 Measurement of grain quality traits  
The grain yield obtained from 1 m
2
 area harvested at maturity from each plot was 
used to record grain quality traits during 2009-2011. Before protein analysis seeds were 
cleaned and graded with a Dockage Tester (Carter-Day Company, USA). Grain quality 
analyses were conducted on a Grain Analyzer (FOSS, Infratec
™
 1241, Sweden) using whole 
grains. Five sub-samples of grains of 50 g each were analyzed by the FOSS to determine 
various quality traits and data were recorded on grain protein (%), grain moisture (%), grain 
hardness (PSI), grain water absorption (%) and grain test weight (kg per hectolitre, kg hL
-1
). 
 
6.2.2 Statistical analysis 
Analysis of variance was carried out for each trait separately for each year as well  as 
a combined analysis over years using the general analysis of variance procedure of GenStat 
statistical software, version 14.1 (Payne et al. 2011). The combined analysis was conducted 
to examine the differences among the six contrasting environments. The treatment means 
were compared by the Fisher's protected least significant difference test at P < 0.05. 
Relationships among parameters were computed using Pearson’s simple correlation test of 
GenStat (Payne et al. 2011). 
Heritability over environments was estimated by the following equation: 
                                   H = 
 
 
              σ2G 
 
 
 σ2G + (σ
2
GE/e) + (σ
2
e/re) 
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Where σ2GE is the G x E variance, e is the number of environments and r is the number of 
replicates per environment. 
 GEI for each quality trait and combined quality traits were studied using principal 
component analysis and the results presented graphically using biplots. The analysis was 
conducted using R version 2.13.1 (R Core Team 2012). 
  
 
6.3 Results 
6.3.1 Combined analysis 
The combined analysis over environments (E1-E6) of 15 common genotypes showed 
significant environment, genotype and genotype x environment interactions for the grain 
quality traits (Table 6.1). Heritability of grain moisture was lowest (H = 0.51) followed by 
grain protein (H = 0.60), grain water absorption (H = 0.88), grain hardness (H = 0.93) and 
grain test weight (H = 0.94). The highest grain protein, grain hardness and lowest grain 
moisture were observed in drought environment (E2), whereas higher grain moisture, 
hardness, water absorption and test weight were observed in wet season environments (E3 
and E4). Synthetic genotypes (4, 5 and 10), Crusader, LongReach breeding line LPB05-2271 
and Spitfire had higher grain protein, whereas Envoy and Spitfire were superior for all other 
traits. Overall, Spitfire was superior for grain quality across all environments and years. 
The combined analysis over environments (E3-E6) of 20 genotypes assessed showed 
significant environment, genotype and genotype x environment interactions for grain quality 
traits (Table 6.2). The heritability of grain quality traits ranged from 0.60 to 0.94. Higher trait 
values were found in E4.  Synthetic genotypes (3, 4, 5 and 10), LongReach breeding line 
LPB05-2271 and Spitfire had greater grain protein, whereas genotypes Envoy and Spitfire 
were superior for other traits. Again, Spitfire was superior for grain quality. 
Overall, these genotypes fall into the hard and prime hard grades with respect to grain 
protein, grain moisture, grain hardness, grain water absorption and grain test weight. 
Grain protein was negatively associated with grain hardness, whereas grain moisture, 
grain hardness and grain water absorption were significantly associated (Table 6.3). Likewise 
grain hardness was also significantly associated with grain test weight. Grain yield showed 
significant negative association with grain hardness and grain test weight. Early heading 
genotypes were superior in grain protein, whereas later genotypes had higher grain hardness 
and grain test weight (Table 6.4). No relationship was observed between grain quality traits 
and water use. Grain test weight showed significant negative association with  
 116 
  
Table 6.1. Overall combined analysis of variance (mean squares) and means for quality traits 
of 15 genotypes, 2009-2011. 
Source of variation d.f. 
Grain 
protein 
(%) 
Grain 
moisture 
(%) 
Grain 
hardness 
(PSI) 
Grain water 
absorption 
(%) 
Grain test 
weight 
   Mean squares  
Environment 5 33.2655*** 12.73099*** 4101.99*** 123.7772*** 230.2128*** 
Residual 10 2.2026 0.07301 147.77 1.964 1.3524 
Genotype 14 2.5277*** 0.13639* 2056.54*** 26.7321*** 45.0011*** 
Environment.Genotype 70 1.0076*** 0.06637
ns
 153.15*** 3.146*** 2.7456*** 
Residual 168 0.2986 0.06385 61.55 0.8636 0.497 
Total 269      
CV (%) - 4.3 2.2 7.7 1.5 0.9 
Heritability  0.60 0.51 0.93 0.88 0.94 
       
Environment 5  Mean  
 1  12.05 b 10.84 d 96.0 c 61.24 e 82.17 b 
 2  14.29 a 10.62 e 114.4 a 62.58 d 80.12 c 
 3  11.94 b 12.03 a 107.1 b 65.07 b 84.16 a 
 4  12.61 b 11.75 b 110.4 ab 65.82 a 84.59 a 
 5  12.27 b 11.36 c 93.6 c 63.47 c 79.59 c 
 6  12.51 b 11.24 c 92.0 c 63.82 c 79.7 c 
LSD (P<0.05)  0.69 0.12 5.71 0.65 0.54 
       
Genotype
1
 14      
 1  12.17 ef 11.27 ab 97.4 f 63.53 defg 79.6 h 
 2  12.67 bcd 11.35 ab 113.8 ab 66.24 a 80.71 f 
 3  12.66 bcd 11.43 a 105.2 cd 63.89 cde 80.41 fg 
 4  13.03 a 11.26 b 77.9 g 61.03 i 78.57 i 
 5  13.03 a 11.08 c 82.7 g 61.71 h 81.27 e 
 6  12.39 de 11.36 ab 101.4 def 63.78 cdef 81.42 e 
 7  12.51 cde 11.24 bc 109.3 bc 64.14 cd 82.51 bc 
 8  11.93 f 11.38 ab 99.5 ef 63.04 g 81.99 d 
 9  12.66 bcd 11.31 ab 104.5 cde 63.17 fg 82.42 cd 
 10  12.96 ab 11.28 ab 100.3 def 63.84 cde 80.18 g 
 11  12.76 abc 11.42 a 101 def 63.82 cde 82.88 b 
 12  12.98 ab 11.23 bc 100.1 def 64.27 c 82.96 b 
 13  11.92 f 11.33 ab 115.6 a 63.33 efg 83.52 a 
 14  12.55 cd 11.29 ab 112.8 ab 64.29 bc 83.61 a 
 15  12.97 ab 11.34 ab 112.1 ab 64.89 b 83.79 a 
LSD (P<0.05)  0.35 0.16 5.16 0.61 0.46 
 
*, *** indicate significant at P=<0.05 and P=<0.001; ns = Non-significant. 
 
1 1, MILAN/KAUZ/5/CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA(TAUS)/4/WEAVER/6/TOB/ERA//TOB/CNO67/3/PLO 
/4/VEE#5/5/KAUZ;    2, CROC_1/AE.SQUARROSA (224)//OPATA/3/PASTOR;   3, CROC_1/AE.SQUARROSA(224)//2*OPATA/3/2* 
RAC655;   4, CETA/AE.SQUARROSA (327)//2*JANZ;   5, QT6581/4/PASTOR//SITE/MO/3/CHEN/AEGILOPS SQUARROSA(TAUS) 
//BCN;   6, D67.2/P66.270//AE.SQUARROSA (320)/3/CUNNINGHAM;   7,  Janz;   8, Giles;   9, Cunningham;   10, Sokoll;   11, Crusader;   
12, LPB05-2271;   13, LPB05-1164 (Scout);   14, LPB05-1157 (Envoy);   15, LPB05-2148   (Spitfire). 
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Table 6.2. Overall combined analysis of variance (mean squares) and means for quality traits 
of 20 genotypes, 2010-2011. 
Source of variation d.f. 
Grain 
protein 
(%) 
Grain 
moisture 
(%) 
Grain 
hardness 
(PSI) 
Grain water 
absorption 
(%) 
Grain test 
weight 
   Mean squares  
Environment 3 5.7172** 8.07915*** 6352.57*** 80.4787*** 468.7516*** 
Residual 6 0.3074 0.03665 145.32 1.3968 0.6954 
Genotype 19 2.3877*** 0.10066*** 1547.98*** 22.0907*** 21.0082*** 
Environment.Genotype 57 0.3342** 0.04
ns
 96.89** 1.6801*** 1.2104*** 
Residual 152 0.1989 0.03459 56.84 0.8275 0.3923 
Total 239      
CV (%) - 3.6 1.6 7.4 1.4 0.8 
Heritability  0.86 0.60 0.94 0.92 0.94 
       
Environment 3   Mean   
 1  11.87 c 12.04 a 108.8 a 65.15 b 84.44 b 
 2  12.56 a 11.72 b 113.6 a 65.78 a 84.9 a 
 3  12.27 b 11.36 c 94.7 b 63.43 c 79.79 c 
 4  12.49 ab 11.23 d 92.9 b 63.6 c 79.89 c 
LSD (P<0.05)  0.24 0.08 5.38 0.52 0.37 
       
Genotype
1
 19      
 1  11.68 hi 11.57 bcde 94.9 h 64.63 defg 80.62 i 
 2  12.18 defg 11.73 a 117.5 a 68.48 a 81.52 fg 
 3  12.67 abc 11.68 abc 106.9 cde 65.04 bcde 80.93 hi 
 4  12.88 a 11.56 cde 74.3 i 61.87 j 78.91 j 
 5  12.83 ab 11.4 f 74.9 i 62.06 j 81.18 gh 
 6  12.18 defg 11.64 abcd 104.4 def 65.22 bcd 82.02 def 
 7  12.17 defg 11.54 cdef 106.1 cde 64.75 cdef 82.51 cd 
 8  11.67 hi 11.61 abcde 97.7 gh 63.6 i 81.78 ef 
 9  12.49 bcd 11.57 bcde 104.8 def 63.71 hi 82.4 cd 
 10  12.91 a 11.53 cdef 99.1 fgh 64.77 cdef 80.63 i 
 11  12.31 cdef 11.72 ab 98 gh 64.38 efgh 83.2 b 
 12  12.92 a 11.48 ef 97.5 gh 65.12 bcde 83.55 ab 
 13  11.35 i 11.73 a 114.6 ab 64.17 fghi 83.54 ab 
 14  12.13 efg 11.5 def 111 bc 64.96 bcde 83.37 b 
 15  12.66 abc 11.68 abc 110.1 bcd 65.43 bc 83.97 a 
 16  12.35 cdef 11.57 bcde 108.9 bcde 63.78 hi 83.51 ab 
 17  12.37 cde 11.59 abcde 103.2 efg 63.9 ghi 83.22 b 
 18  11.82 gh 11.55 cdef 104.3 def 63.91 ghi 82.52 c 
 19  12.43 cde 11.46 ef 107.7 cde 64.52 defg 83.65 ab 
 20  11.99 fgh 11.67 abc 114.5 ab 65.51 b 82.03 cde 
LSD (P<0.05)  0.35 0.16 5.16 0.46 0.46 
 
**, *** indicate significant at P=<0.01 and P=<0.001; ns = Non-significant. 
 
1 1, MILAN/KAUZ/5/CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA(TAUS)/4/WEAVER/6/TOB/ERA//TOB/CNO67/3/PLO 
/4/VEE#5/5/KAUZ;    2, CROC_1/AE.SQUARROSA (224)//OPATA/3/PASTOR;   3, CROC_1/AE.SQUARROSA(224)//2*OPATA/3/2* 
RAC655;   4, CETA/AE.SQUARROSA (327)//2*JANZ;   5, QT6581/4/PASTOR//SITE/MO/3/CHEN/AEGILOPS SQUARROSA(TAUS) 
//BCN;   6, D67.2/P66.270//AE.SQUARROSA (320)/3/CUNNINGHAM;   7,  Janz;   8, Giles;   9, Cunningham;   10, Sokoll;   11, Crusader;   
12, LPB05-2271;   13, LPB05-1164 (Scout);   14, LPB05-1157 (Envoy);   15, LPB05-2148   (Spitfire);   16, Lang;   17, Sunco;  18, Carinya;   
19, Sunvale;   20, Ventura. 
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Table 6.3. Relationships between grain quality traits and grain yield in combined analysis, 
2009-2011 and 2010-2011. 
Trait 
Grain 
protein 
(%) 
Grain 
moisture 
(%) 
Grain 
hardness 
(PSI) 
Grain water 
absorption 
(%) 
Grain test 
weight 
Grain yield 
(kg ha
-1
) 
Combined 2009-2011 (15 genotypes)     
Grain protein (%) -    0.05% 0.01% 
Grain moisture (%) -0.37 -  d.f = 13 0.51 0.64 
Grain hardness (PSI) -0.39 0.50 -    
Grain water absor. (%) -0.07 0.43 0.82** -   
Grain test weight -0.16 0.13 0.63* 0.38 -  
Grain yield (kg ha
-1
) 0.19 0.01 -0.57* -0.28 -0.63* - 
       
Combined 2010-2011 (20 genotypes)     
Grain protein (%) -    0.05% 0.01% 
Grain moisture (%) -0.40 -  d.f = 18 0.44 0.56 
Grain hardness (PSI) -0.44* 0.52* -    
Grain water absor. (%) -0.16 0.49* 0.74** -   
Grain test weight -0.21 0.07 0.59** 0.23 -  
Grain yield (kg ha
-1
) 0.28 0.16 -0.37 0.03 -0.67** - 
 
 
 
Table 6.4. Relationships between grain quality traits, days to heading and maturity crop water 
use in combined analysis, 2009-2011 and 2010-2011. 
Trait Days to heading Days to maturity 
Maturity crop 
water use (mm) 
Combined 2009-2011 (15 genotypes)   
Grain protein (%) -0.67** - -0.25 
Grain moisture (%) 0.35 - 0.41 
Grain hardness (PSI) 0.56* - 0.20 
Grain water absorption (%) 0.33 - 0.21 
Grain test weight 0.36 - 0.00 
    
Combined 2010-2011 (20 genotypes)   
Grain protein (%) -0.48* -0.32 -0.06 
Grain moisture (%) 0.00 0.05 0.02 
Grain hardness (PSI) 0.56** 0.53* 0.27 
Grain water absorption (%) 0.15 0.13 -0.08 
Grain test weight 0.52* 0.50* 0.34 
 
*, ** indicate significant at P=<0.05 and P=<0.01 
- = Data not available 
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dry matter WUE at maturity. Similarly grain hardness and grain test weight were also 
significantly negatively associated with grain WUE (data not shown). 
The principal component analysis of quality traits and grain yield for 15 genotypes 
(2009-2011) is presented graphically as biplots in Figure 6.1. The grain yield for 
environments is represented as E1 to E6. The grain yield and grain protein accounted for 
59.66% variance by the first two principal components (PC1 and PC2). Biplots shows that 
grain yield was more associated between E2 and E5, E3 and E5 and E1 and E4. In case of 
grain protein, only GPE1 and GPE3 show some degree of association with grain yield (E1 
and E3) in their respective environments, with highest protein observed for synthetic 
genotypes 2 and 5 (Figure 6.1, a). GPE1 and GPE3 are more associated with E2 and E5. The 
site vectors of remaining variables (GPE4, GPE5 and GPE6) show no relationship with their 
corresponding grain yield but are associated with each other. In contrast, GPE2 has a negative 
association with E2.  
 Generally, grain yield is not associated with grain moisture (Figure 6.1, b). However, 
some association is evident between GME4 and E4. Grain moisture from the different 
environments is positively associated with the exception of GME4. Grain hardness, grain 
water absorption and grain test weight were all negatively associated with grain yield (Figure 
6.1, c-e). Grain hardness at E5 and E6 (GHE5 and GHE6) was closely associated. Similarly 
consistent grain test weight was observed in two groups, one consisting of GTWE2, GTWE5 
and GTWE6 and the other GTWE1, GTWE3 and GTWE4. Highest (68.35%) variance was 
accounted by the principal components for grain test weight. Cultivars Janz, Cunningham, 
Scout and Spitfire tend to have higher grain hardness in environment 1 (GHE1). Likewise, 
Longreach breeding line LPB05-2271 has the highest grain test weight in group 1 and Scout 
and Spitfire in group 2. No association between grain yield and quality traits was observed in 
the pooled data (Figure 6.1, f). However, grain hardness and grain water absorption are 
associated with each other and with the cultivar Scout. Cultivars Janz, Cunningham, Envoy 
and Spitfire tend to have higher grain test weight. 
The biplot analysis showed that differences in grain quality traits were driven by 
environmental conditions in the different years. The biplots of quality traits, grain yield and 
weather data over the environments (Figure 6.1, g) accounted for the maximum (94.53%) 
variance. This analysis explained that environments E1 and E2 are more associated with 
maximum temperature (MTO) and radiation exposure (REO) in October. Similarly, E3 and 
E4 are more associated with total rainfall in July (TRJ), minimum temperature in October 
(mTO) and humidity in July and September (HJ and HS). There is also a degree of 
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association between E5 and E6 and total rainfall in September and October (TRS and TRO) 
and minimum temperature in August (mTA). Grain protein was associated with maximum 
temperature in July and October (MTJ and MTO) and radiation exposure in August and 
October (REA and REO). Grain hardness shows some association with minimum temperature 
in July and September (mTJ and mTS). Grain moisture and grain water absorption are 
effected by minimum temperature in October (mTO) and humidity in August and September 
(HA and HS). Grain test weight is positively associated with total rainfall in July (TRJ), 
minimum temperature in July and September (mTJ and mTS) and humidity in July. Highest 
protein is found in E1 and E2, whereas grain moisture, grain water absorption and grain test 
weight is higher in E3 and E4. However, grain hardness shows some degree of association 
with E3 and E4. The highest yielding environments are E5 and E6. 
The biplots of quality traits and grain yield for the 20 genotypes evaluated 2010-2011 
are presented in Figure 6.2. Only grain protein in environment 3 (GRE3) showed some 
association with grain yield in that environment (E3) with higher values observed for 
synthetic genotypes (3, 4 and 5) and cultivars Cunningham and Sokoll. Grain moisture, 
hardness, water absorption and test weight was not associated with grain yield but a positive 
association was observed within each trait. Grain yield shows weak association with grain 
protein and negative relationship with grain test weight (Figure 6.2, f). Genotypes Scout and 
Spitfire have high grain hardness and test weight, whereas the synthetic genotypes (4 and 5) 
and Cunningham have the highest grain protein. 
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Figure 6.1. Biplots of grain quality traits and grain 
yield (E1-E6) of 15 genotypes, 2009-2011. (a) Grain 
protein (%), (b) grain moisture (%), (c) grain hardness 
(PSI), (d) grain water absorption (%), (e) grain test 
weight (kg per hectolitre, kg hL
-1
), (f) mean quality 
traits, (g) weather from July to October.  
 
GP, grain protein; GM, grain moisture; GH, grain hardness; GWA, 
grain water absorption; GTW, grain test weight. After each quality 
trait is the respective environment (E1-E6). 
GY, grain yield; TRJ, TRA, TRS and TRO, total rainfall; MTJ, 
MTA, MTS and MTO, maximum temperature; mTJ, mTA, mTS 
and mTO, minimum temperature; HJ, HA, HS and HO, humidity; 
REJ, REA, RES and REO, radiation exposure; J, A, S and O after 
each parameter above stands for July, August, September and 
October, respectively. 
(e) (f) 
(a) (b) 
(c) (d) 
(g) 
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Figure 6.2. Biplots of grain quality traits and grain yield (E3-E6) of 20 genotypes, 2010-2011. (a) Grain 
protein (%), (b) grain moisture (%), (c) grain hardness (PSI), (d) grain water absorption (%), (e) grain test 
weight (kg per hectolitre, kg hL
-1
), (f) mean quality traits. 
 
GP, grain protein; GM, grain moisture; GH, grain hardness; GWA, grain water absorption; GTW, grain test weight; GY, 
grain yield. After each quality trait is the respective environment (E1-E6). 
(a) (b) 
(c) (d) 
(e) (f) 
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6.4 Discussion 
Protein content, grain hardness and dough or protein quality are the three basic quality 
determinants. Endosperm texture (grain hardness) is the most important and essential quality 
characteristic which facilitates wheat classification (soft/hard) and effects milling, baking and 
end use quality (Pasha et al. 2010). Grain moisture content plays a significant role in 
determining grain texture in wheat (Pomeranz and Williams 1990). NIR technology for the 
evaluation of grain hardness in early generations when samples are of sufficient size can 
favourably shift gene frequency in breeding programs (Salmanowicz et al. 2012). Grain 
quality parameters studied over environments and years as recorded with near infrared 
reflectance analysis are discussed here. 
 
6.4.1 Analysis of variance 
The combined analysis indicated significant differences among environments and 
significant G x E interactions for all traits with the exception of grain moisture. These 
differences are a direct result of contrasting growing seasons and differences in applied water. 
The influence of genotype, environment and G x E interaction on wheat quality has been 
extensively reported (Blakeney et al. 2009; Tang et al. 2010; Salmanowicz et al. 2012), 
whereas others did not find genotype x year interactions for protein, grain moisture and test 
weight (Tayyar 2010). 
According to Australian standards the grain protein of the tested genotypes fell in the 
hard (protein content ≥ 11.5 %) and prime hard (protein content ≥ 13%) wheat grades. The 
mean grain moisture was also within normal Australian limits where no further drying of 
seeds is required for safe storage. All the evaluated wheat genotypes were in the very hard 
and extra hard grain category according to the Hruskova and Svec (2009) scale of wheat 
grain hardness. A 24% change in grain hardness could be attributed to the growing 
environment. Previously, a two fold increase in grain hardness was reported between years in 
wheat (Hruskova and Svec 2009). However, a decline in milling yield at extreme grain 
hardness was reported by Stenvert (1972). Grain test weights demonstrated that all the 
evaluated genotypes were of milling grade and no genotype fell into the feed grade class in 
any environment. All the grain quality traits evaluated showed high heritability. Similarly, 
high heritability for test weight was found in durum wheat (Mohammed et al. 2012), although 
these authors reported lower heritability for grain hardness and grain protein.  
Genotypes tend to perform differently over the environments. Overall synthetic 
genotypes (4, 5 and 10), LPB05-2271 and Cunningham have the highest grain protein. Scout 
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tends to have the highest grain hardness, water absorption and test weight. Similarly Spitfire 
is superior for grain hardness and test weight and Envoy only for test weight.  
 
6.4.2 Relationships 
Grain protein and grain hardness tended to increase whereas grain moisture and grain 
test weight decreased in the driest environment. Guttieri et al. (2000), Asseng and Milroy 
(2006) and Noorka et al. (2009) found elevated grain protein content under stress, whereas 
Gupta et al. (2001) and Guttieri et al. (2001) reported a reduction in test weight and grain 
moisture (Noorka et al. 2009) under water stress in wheat. Overall, higher grain protein was 
associated with lower grain hardness. Miller et al. (1984) and Pasha et al. (2009) also 
reported insignificant correlation between grain protein and hardness in wheat.  In contrast to 
this a significant positive correlation of grain protein content with SKCS (Single kernel 
characterization system) hardness and NIR (near infrared reflectance) hardness was reported 
by Groos et al. (2004) and Salmanowicz et al. (2012). Grain moisture was significantly 
associated with grain hardness and grain water absorption. Similarly, higher grain hardness 
showed significant association with grain water absorption (also reported by Salmanowicz et 
al. 2012) and grain test weight. Pasha et al. (2009) found hardness, assessed using NIR, to be 
positively correlated with moisture content and water absorption but negatively correlated 
with test weight in wheat. While grain protein did not show any significant relationship with 
grain yield in the current study, grain protein content in bread wheat (Asseng and Milroy 
2006; Noorka et al. 2009) and durum wheat (Blanco et al. 2012) was found to be negatively 
correlated with grain yield in other studies. Grain hardness and grain test weight showed 
significant negative association with grain yield. However, Tayyar (2010) tested fourteen 
wheat genotypes for two years and reported a positive relationship between test weight and 
grain yield.  
The higher grain protein observed in early flowering genotypes is likely influenced by 
shorter grain filling duration and associated increase in the protein to endosperm ratio. 
Whereas the higher grain hardness and grain test weight observed in later materials is 
possibly a function of better filled grains resulting from a longer grain filling period. Grain 
moisture and grain water absorption was not affected by grain filling duration. The lack of 
relationship between grain quality and water use is influenced by the above average rainfall 
in 2010 and 2011. As water was not limiting in these years there is little influence on grain 
protein and hence other quality parameters. Grain test weight showed significant negative 
association with dry matter WUE at maturity due to increased partitioning of assimilates to 
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the vegetative biomass and less translocated to the grain (data not shown). Similarly grain 
hardness and grain test weight also showed significant negative association with grain WUE, 
indicating the comparatively higher water use due to longer grainfill by the bigger grain and 
higher grain hardness genotypes and thus resulting in lower grain WUE. Nevertheless, these 
genotypes were also low yielders and usually low yielding genotypes are also lower grain 
water use efficient.  
The environments and grain quality traits show association with different 
environmental factors. The drier environments were associated with higher mean temperature 
and radiation exposure, whereas the wetter environments were associated with high rainfall, 
high humidity and lower temperatures. Higher grain protein was positively related to 
increased temperature and radiation exposure (E1 and E2) whereas grain hardness was higher 
under lower temperatures (E3 and E4). Lower temperature and high humidity increased the 
grain moisture and grain water absorption (E3 and E4). Grain test weight tends to increase 
with higher rainfall and humidity and lower temperatures (E3 and E4). As expected higher 
grain yield was associated with higher rainfall (E5 and E6).  
 
6.4.3 Conclusion 
The higher grain protein of early genotypes indicated that grain filling period has 
implications on the grain quality characteristics. In the current study the above ground traits 
had no influence on grain quality. It was observed that the poor yielding genotypes with 
lower WUE had comparatively higher quality largely due to higher protein content. 
Nevertheless, the values for high yielding genotypes with higher WUE still fit within the 
Australian grain quality standards. The lack of relationship between grain protein and grain 
yield highlights that there is no genetic limitation to increasing grain protein under these 
environmental conditions. This is important where a higher price is paid for high protein 
content. It means selecting for high WUE and grain yield will not impact grain quality. This 
research revealed that there is no penalty in industrial quality when breeding for improved 
WUE.  
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7. Genetic divergence and adaptation in wheat 
 
7.1 Introduction 
Breeding wheat cultivars with higher grain yield potential, improved water use 
efficiency, heat tolerance, end-use quality and durable disease and pest resistance will help 
attain the 2% per annum increase in productivity needed to keep pace with population growth 
(Singh et al. 2007a). Genetic diversity will be vital in achieving such targets (Khodadadi et 
al. 2011).  
Ahlawat et al. (2008) argued that the genes of interest are scattered over a multitude 
of pure lines and assembling such gene constellations, determining traits and developing pure 
line recombinants will improve self-pollinated crops. He further emphasized the importance 
of parental choice when improving quantitative traits in breeding programs. If the breeder is 
able to broadly classify the germplasm on the basis of target traits and background allelic 
diversity it will simplify parent identification. Nevertheless, the choice of parents should not 
only be based on genetic divergence, but also on adaptation to the target environment.  
Efficient utilization of genetic resources requires systematic evaluation, 
characterization and classification. Multivariate analysis has proved useful for 
characterization and classification of plant genetic resources evaluated for several pheno-
morphic and agronomic traits (Assefa et al. 2003). Cluster analysis is the most commonly 
used multivariate technique to study genetic diversity and has been reported by several 
researchers in cultivated wheat (Kaya et al. 2006; Ahlawat et al. 2008; Ali et al. 2008; 
Ahmad et al. 2008; Khodadadi et al. 2011; Zhang et al. 2011a; Al-Fares and Abu-Qaoud 
2012) and wild wheat and landraces (Peleg et al. 2005; Reynolds et al. 2007b; Peleg et al. 
2008).  
The assessment of genetic diversity can be helpful for the selection of the most 
appropriate genotypes for crossing (Khodadadi et al. 2011). Ideally genetically diverse 
parents with good adaptation to the target environment would be chosen for crossing if 
increasing yield is the objective. The objective of the current study was to investigate the 
extent of genetic diversity based on molecular analysis and phenotypic data for both above 
and below ground traits in a set of adapted wheat germplasm tested over the years and 
environments.  
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7.2 Materials and methods 
The experiments conducted during 2009 to 2011 and described in previous chapters 
were used here to study the genetic diversity and adaptation among wheat genotypes for 
above and below ground traits.  
Cluster analysis was conducted on the mean data obtained through combined analysis 
over environments for root traits in two experiments in 2009, and for above ground traits in 
2009-2011 in six experiments (for 15 genotypes) and in 2010-2011 in four experiments (20 
genotypes). The genotypes used in these studies are presented in Table 7.1. Wheat genotypes 
were grouped using hierarchical clustering and the Ward Linkage method with Squared 
Euclidean Distance measure of IBM SPSS Statistics, version 20. 
Genetic diversity was also studied using molecular data. The germplam was 
genotyped using the DArT marker system. Seeds of 20 genotypes were sown in controlled 
micro-climate rooms and DNA was extracted from two week old seedlings following the 
modified CTAB method of Doyle and Doyle (1990). DArT plates were prepared and sent to 
the Diversity™ Arrays Technology (DArT™) Pty Ltd, Australia for high throughput 
fingerprinting. The details of DNA extraction and DArT analysis are presented in next 
chapter (chapter 8). Genotype 12 is missing due to insufficient quantity of DNA; however the 
genotype numbering is unchanged throughout the study. Among 2199 clones, 1865 and 1963 
were found polymorphic for fourteen and nineteen genotypes, respectively. These data were 
then used to conduct separate cluster analyses on these genotypes.  
 
 
7.3 Results 
7.3.1 Genetic diversity based on phenotypic data 
7.3.1.1 Root traits 
 The dendrogram based on root traits of wheat genotypes is presented in Figure 7.1. 
Genotypes were divided into four distinct clusters. Cluster I and IV comprised all synthetic 
genotypes, whereas cluster II and III consisted of all released cultivars and two synthetic 
genotypes. 
Examination of trait means of each of the four clusters showed that the maximum root 
length at each depth and highest total root length were observed in cluster IV followed by 
clusters I and III, whereas the minimum was observed in cluster II (Table 7.2). The same 
trend was observed for root length density. Similarly, clusters IV and I had greater root length 
and root length density than the grand mean, while the remaining two clusters had lower 
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Table 7.1. Genotypes used in field studies, 2009-2011.  
Genotype code 
Genotype 
Phenotypic 
data 
Molecular 
data
1
 
1 1 1 1 
MILAN/KAUZ/5/CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA 
(TAUS)/4/WEAVER/6/TOB/ERA//TOB/CNO67/3/PLO/4/VEE#5/5/KAUZ 
2 2 2 2 CROC_1/AE.SQUARROSA (224)//OPATA/3/PASTOR 
3 3 3 3 CROC_1/AE.SQUARROSA (224)//2*OPATA/3/2*RAC655 
4 4 4 4 CETA/AE.SQUARROSA (327)//2*JANZ 
5 5 5 5 QT6581/4/PASTOR//SITE/MO/3/CHEN/AEGILOPS SQUARROSA (TAUS)//BCN 
6 6 6 6 D67.2/P66.270//AE.SQUARROSA (320)/3/CUNNINGHAM 
7 7 7 7 Janz 
8 8 8 8 Giles 
9 9 9 9 Cunningham 
10 10 10 10 Sokoll   (Drought-adapted synthetic-derived cultivar) 
11 11 11 11 Crusader 
12 12 - - LPB05-2271 
13 13 13 13 LPB05-1164   (Scout) 
14 14 14 14 LPB05-1157   (Envoy) 
15 15 15 15 LPB05-2148   (Spitfire) 
 16  16 Lang 
 17  17 Sunco 
 18  18 Carinya 
 19  19 Sunvale 
 20  20 Ventura 
 
1
 Genotype 12 (LPB05-2271) is missing in cluster analysis using the molecular data. 
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Figure 7.1. Dendrogram of combined root traits over environments, 2009. 
                   Clusters indicated in boxes. 
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Table 7.2. Combined mean and standard deviation of root traits of 15 genotypes in different 
clusters and correlation with grain yield, 2009. 
Trait
*
/Cluster 
I II III IV Grand r
¶
 
(GRY) 
 Cluster mean ± SD  Mean ± SD 
RL (0-15cm) 369.8 ± 25.1 278.5 ± 22.0 345.6 ± 21.6 465.3 ± 73.9 364.8 ± 35.7 0.72 
RL (15-30cm) 231.8 ± 0.2 190.8 ± 25.0 237.0 ± 5.3 262.8 ± 7.7 230.6 ± 9.5 0.81 
RL (30-60cm) 262.1 ± 11.2 189.3 ± 16.2 236.8 ± 10.7 299.0 ± 51.2 246.8 ± 22.3 0.67 
TRL (0-60cm) 863.8 ± 36.5 658.6 ± 61.5 819.5 ± 27.0 1027.0 ± 131.6 842.2 ± 64.1 0.75 
RAD (0-15cm) 0.178 ± 0.006 0.177 ± 0.005 0.187 ± 0.009 0.209 ± 0.015 0.188 ± 0.009 0.73 
RAD (15-30cm) 0.160 ± 0.001 0.174 ± 0.003 0.189 ± 0.007 0.195 ± 0.005 0.179 ± 0.004 0.79 
RAD (30-60cm) 0.164 ± 0.001 0.163 ± 0.004 0.179 ± 0.012 0.188 ± 0.008 0.173 ± 0.006 0.80 
TRAD (0-60cm) 0.167 ± 0.002 0.171 ± 0.003 0.185 ± 0.006 0.197 ± 0.005 0.180 ± 0.004 0.89 
RLD (0-15cm) 1.254 ± 0.085 0.944 ± 0.075 1.171 ± 0.073 1.577 ± 0.251 1.237 ± 0.121 0.72 
RLD (15-30cm) 0.786 ± 0.001 0.647 ± 0.085 0.803 ± 0.018 0.891 ± 0.026 0.782 ± 0.032 0.81 
RLD (30-60cm) 0.445 ± 0.018 0.322 ± 0.027 0.402 ± 0.018 0.507 ± 0.087 0.419 ± 0.038 0.67 
RLD (0-60cm) 0.829 ± 0.035 0.637 ± 0.061 0.792 ± 0.027 0.992 ± 0.120 0.812 ± 0.061 0.76 
 
* RL cm (0-15cm), root length (cm) in 0-15 cm soil depth; RL cm (15-30cm), root length (cm) in 15-30 cm soil depth; RL cm (30-60cm), 
root length (cm) in 30-60 cm soil depth; TRL cm (0-60cm), total root length (cm) in 0-60 cm soil depth; RAD mm (0-15cm), root average 
diameter (mm) in 0-15 cm soil depth; RAD mm (15-30cm), root average diameter (mm) in 15-30 cm soil depth; RAD mm (30-60cm), root 
average diameter (mm) in 30-60 cm soil depth; TRAD mm (0-60cm), total root average diameter (mm) in 0-60 cm soil depth; RLD cm cm-3 
(0-15 cm), root length density (cm cm-3) in 0-15 cm soil depth; RLD cm cm-3 (15-30 cm), root length density (cm cm-3) in 15-30 cm soil 
depth; RLD cm cm-3 (30-60 cm), root length density (cm cm-3) in 30-60 cm soil depth; RLD cm cm-3 (0-60 cm), root length density (cm cm-
3) in 0-60 cm soil depth. 
¶
 Correlation with grain yield (GRY) (kg ha-1). The correlation significance at 0.05 and 0.01 probability level is 0.51 and 0.64, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 131 
  
values. This pattern of clustering was also consistent with the genotype grain yield trend, as 
shown by the highly significant correlations (Table 7.2). The synthetic genotypes in cluster 
IV were among the highest yielding genotypes in the study, clusters I and III represented 
medium to high yielding genotypes, whereas cluster II comprised all released cultivars and 
the mean yield was comparatively low. Again, the highest root average diameter was 
observed in cluster IV followed by cluster II, while the genotypes in clusters I and II had 
similar root average diameter. These data infer that the genotypes in clusters IV, III and I are 
better adapted due to their superior root traits and grain yield compared to the genotypes of 
cluster II. 
 
7.3.1.2 Above ground traits, 15 genotypes (2009-2011) 
 The dendrogram based on above ground traits for the period 2009-2011 is presented 
in Figure 7.2. Genotypes were divided into two main clusters at 12 units distance, consisting 
of synthetic genotypes in one cluster and the released cultivars in the other cluster. Each of 
these clusters was then further divided into two sub-clusters at distance 6 creating four 
distinctive clusters of genotypes. 
 The genotypes in clusters IV and III were characterized by high grain yield, dry 
matter water use efficiency at maturity (WUEDM-Maturity) and grain water use efficiency 
(WUEGrain), whereas clusters II and I had  values lower than the grand mean for all  traits 
(Table 7.3). Moreover cluster IV had higher NDVI, better leaf traits, higher biomass at 
maturity, higher harvest index, superior spike traits, higher grain protein, average plant 
height, earlier heading,  lower tiller number, harder grain, higher grain water absorption and 
superior grain test weight compared to the grand mean.  
Cluster III was comprised of genotypes with higher NDVI, glaucousness, high 
biomass at anthesis, taller plant stature, superior spike traits, high grain weight, harder grain 
and high grain water absorption. However, this cluster had lower leaf trait values, harvest 
index and tiller number. The distinctive features of cluster II were lower leaf trait values with 
higher glaucousness, more tillers, higher harvest index, increased grain protein and greater 
grain test weight but shorter plant height and inferior spike traits compared to the grand 
mean. Cluster I comprised genotypes with greater leaf width, more tillers, higher harvest 
index, harder grain, higher grain water absorption, higher grain test weight, later heading, 
shorter plant height, and poorer spike traits compared to the grand mean. In general the 
genotypes in this cluster were least efficient among the 15 genotypes in terms of WUE and 
productivity.  
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Figure 7.2. Dendrogram of combined above ground traits over environments, 2009-2011. 
                  Clusters indicated in boxes. 
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Table 7.3. Mean and standard deviation of above ground traits of 15 genotypes in different 
clusters, 2009-2011. 
Trait
1
/Cluster I II III IV Grand 
  Cluster Mean ± SD  Mean ± SD 
NDVI 0.628 ± 0.03 0.629 ± 0.03 0.660 ± 0.02 0.665 ± 0.02 0.646 ± 0.03 
LA 22.84 ± 2.01 21.75 ± 1.57 21.21 ± 4.09 25.84 ± 3.07 22.91 ± 2.69 
LL 22.24 ± 0.74 22.35 ± 0.79 22.30 ± 0.11 24.13 ± 2.07 22.76 ± 0.93 
LW 1.59 ± 0.07 1.47 ± 0.03 1.57 ± 0.17 1.66 ± 0.07 1.57 ± 0.09 
GL 2.00 ± 0.14 3.00 ± 0.44 3.00 ± 0.12 3.00 ± 0.17 2.75 ± 0.22 
TIL 378.00 ± 29.48 382.57 ± 23.67 316.40 ± 34.93 343.34 ± 20.66 355.08 ± 27.19 
BIM 12042.6 ± 636.2 11990.0 ± 463.2 13154.5 ± 1323.0 12575.6 ± 445.8 12441.0 ± 717.0 
HI 46.08 ± 1.41 45.97 ± 3.63 42.00 ± 0.71 44.88 ± 1.69 44.73 ± 1.86 
PH 76.50 ± 2.16 79.32 ± 5.21 95.95 ± 4.26 84.45 ± 7.55 84.06 ± 4.80 
DH 97.78 ± 3.41 95.35 ± 4.23 95.28 ± 0.55 91.32 ± 5.00 94.93 ± 3.30 
AL 6.46 ± 0.53 5.94 ± 0.58 6.88 ± 0.51 6.79 ± 0.59 6.52 ± 0.55 
SL 8.37 ± 0.57 8.19 ± 0.3 9.79 ± 0.38 8.93 ± 0.59 8.82 ± 0.46 
SD 2.14 ± 0.15 2.17 ± 0.05 1.76 ± 0.03 1.92 ± 0.08 2 ± 0.08 
NSPS 17.90 ± 0.85 17.83 ± 0.59 17.21 ± 0.34 17.12 ± 1.08 17.52 ± 0.72 
NGPS 46.94 ± 3.86 48.19 ± 4.69 49.91 ± 5.57 49.73 ±2.95 48.69 ± 4.27 
GWPS 2.02 ± 0.10 1.98 ± 0.12 2.64 ± 0.18 2.21 ± 0.09 2.21 ± 0.12 
NKPS 2.61 ± 0.09 2.68 ± 0.18 2.89 ± 0.26 2.91 ± 0.23 2.77 ± 0.19 
TGW 40.93 ± 2.27 39.09 ± 1.49 48.61 ± 0.86 42.37 ± 1.51 42.75 ± 1.53 
GP 12.37 ± 0.45 12.80 ± 0.17 12.42 ± 0.35 12.81 ± 0.28 12.6 ± 0.31 
GM 11.32 ± 0.05 11.32 ± 0.09 11.31 ± 0.06 11.28 ± 0.13 11.31 ± 0.08 
GH 109.85 ± 6.23 101.84 ± 2.31 105.64 ± 11.6 93.52 ± 12.30 102.71 ± 8.11 
GWA 63.94 ± 0.75 63.75 ± 0.56 64.89 ± 1.92 62.85 ± 1.38 63.86 ± 1.15 
GTW 83.08 ± 0.79 82.75 ± 0.29 80.15 ± 0.78 80.37 ± 1.14 81.59 ± 0.75 
WUEDM-Maturity 36.14 ± 2.04 35.57 ± 0.42 40.10 ± 3.68 38.04 ± 1.18 37.46 ± 1.83 
WUEGrain 14.88 ± 0.64 15.27 ± 0.68 15.6 ± 0.85 16.22 ± 0.67 15.49 ± 0.71 
GRY 4566.6 ± 252.4 4762.3 ± 146 4822.5 ± 290.6 4954.8 ± 115.7 4776.6 ± 201.2 
 
1 NDVI, normalized difference vegetation index; LA, leaf area (cm2); LL, leaf length (cm); LW, leaf width (cm); GL, glaucousness; TIL, 
tillers; BIM, biomass at maturity (kg ha-1); HI, harvest index (%); PH, plant height (cm); DH, days to heading; AL, awn length (cm); SL, 
spike length (cm); SD, spikelet density; NSPS, number of spikelets per spike; NGPS, number of grains per spike; GWPS, grain weight per 
spike (g); NKPS, number of kernels per spikelet; TGW, thousand grain weight (g); GP, grain protein (%); GM, grain moisture; GH, grain 
hardness (PSI); GWA, grain water absorption (%); GTW, grain test weight; WUEDM-Maturity, water use efficiency for dry matter 
production at maturity (kg ha-1 mm-1), WUEGrain water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
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It was observed that the genotypes in clusters IV and III combined superior grain 
yield, WUE and above ground traits and were therefore better adapted to the semi-arid 
environment in northwestern NSW.  
 
7.3.1.3 Above ground traits, 20 genotypes (2010-2011) 
 The dendrogram based on above ground traits of 20 wheat genotypes is presented in 
Figure 7.3. Genotypes were divided into two main clusters at 12 units distance, one 
comprising synthetic genotypes including two released cultivars and other cluster with all 
other genotypes. Each of these clusters bifurcates into two sub-clusters at distance 8 in the 
dendrogram. The four distinctive clusters comprised of between four and seven genotypes 
each. 
 The genotypes in cluster IV and III were distinguished by high grain yield, dry matter 
water use efficiency at anthesis (WUEDM-Anthesis), WUEDM-Maturity and WUEGrain 
followed by the clusters II and I (Table 7.4). In addition cluster IV was superior for a range of 
traits including NDVI, leaf traits, glaucousness, canopy temperature depression, biomass at 
anthesis and maturity, spike traits, grain weight, grain hardness and grain water absorption. 
Chlorophyll content, tiller number, harvest index, spikelet density and grain test weight 
tended to be lower than the grand mean.  
Cluster III was also superior for many of the same traits as IV but tended to be lower 
for biomass at anthesis, tiller number, grain hardness, grain water absorption and test weight. 
In comparison, Cluster II was lower than the mean for a range of traits including NDVI, leaf 
traits, leaf glaucousness, canopy temperature depression, biomass at anthesis and maturity, 
spike traits and grain weight. This group tended to be shorter in stature and later maturing but 
higher for some grain quality characteristics including protein, hardness and test weight 
compared to the overall mean.  
Cluster I comprised the genotypes with higher leaf traits, more biomass at anthesis, 
greater tiller number and higher harvest index. This group tended to be shorter in stature with 
a median maturity. The group had a lower CTD, less biomass at maturity and lower grain 
protein. 
Overall, the genotypes in clusters IV and III had a superior combination of grain 
yield, improved WUE and above ground traits compared to the other clusters.  
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Figure 7.3. Dendrogram of combined above ground traits over the environments, 2010-2011. 
                  Clusters indicated in boxes. 
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Table 7.4. Mean and standard deviation of above ground traits of 20 genotypes in different 
clusters, 2010-2011. 
Trait
1
/Cluster I II III IV Grand 
  Cluster Mean ± SD  Mean ± SD 
NDVI 0.668 ± 0.04 0.665 ± 0.01 0.688 ± 0.05 0.711 ± 0.02 0.683 ± 0.03 
LA 28.46 ± 1.98 23.19 ± 2.18 27.59 ± 2.9 30.92 ± 7.84 27.54 ± 3.73 
LL 24.48 ± 0.77 23.11 ± 0.55 24.02 ± 1.52 25.74 ± 2.79 24.34 ± 1.41 
LW 1.63 ± 0.08 1.39 ± 0.08 1.63 ± 0.06 1.69 ± 0.16 1.59 ± 0.1 
LWT 175.76 ± 12.45 143.13 ± 13.13 175.58 ± 9.88 192.75 ± 25.66 171.81 ± 15.28 
SLWT 6.22 ± 0.19 6.26 ± 0.23 6.49 ± 0.38 6.52 ± 1.00 6.37 ± 0.45 
SLA 0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0.02 0.16 ± 0.01 
GL 2.00 ± 0.13 2.00 ± 0.2 3.00 ± 0.11 3.00 ± 0.13 2.5 ± 0.14 
CH 47.81 ± 0.72 48.57 ± 0.92 48.66 ± 2.21 47.15 ± 3.72 48.05 ± 1.89 
CTD 5.83 ± 0.31 6.05 ± 0.42 6.38 ± 0.27 6.48 ± 0.39 6.19 ± 0.35 
BIA 7501.1 ± 290.6 6843.3 ± 253.8 6899.4 ± 358.3 8028.5 ± 211.0 7318.1 ± 278.4 
TIL 390.71 ± 29.05 467.25 ± 39.04 360.08 ± 23.59 329.48 ± 15.92 386.88 ± 26.9 
BIM 12941.0 ± 659.0 12625.0 ± 415.6 13282.4 ± 558.6 13944.0 ± 912.4 13198.0 ± 636.6 
HI 46.16 ± 2.13 46.23 ± 2.49 46.24 ± 1.6 44.18 ± 2.74 45.70 ± 2.24 
PH 82.87 ± 3.58 83.8 ± 2.86 90.54 ± 7.73 101.22 ± 5.51 89.61 ± 4.92 
DH 102.63 ± 2.69 104.0 ± 3.61 93.98 ± 3.71 99.83 ± 1.9 100.11 ± 2.98 
DM 152.35 ± 2.59 153.63 ± 2.37 145.82 ± 4.18 148.98 ± 3.5 150.20 ± 3.16 
AL 6.59 ± 0.46 5.86 ± 0.27 6.58 ± 0.77 6.64 ± 0.58 6.42 ± 0.52 
SL 8.5 ± 0.46 8.03 ± 0.12 8.83 ± 0.4 10.07 ± 0.47 8.86 ± 0.36 
SD 2.19 ± 0.13 2.23 ± 0.05 1.96 ± 0.13 1.84 ± 0.11 2.06 ± 0.11 
NSPS 18.59 ± 0.8 17.96 ± 0.2 17.29 ± 0.85 18.54 ± 1.53 18.10 ± 0.85 
NGPS 49.08 ± 2.98 45.38 ± 0.28 51.32 ± 4.58 54.65 ± 7.52 50.11 ± 3.84 
SSW 2.95 ± 0.15 2.46 ± 0.18 3.18 ± 0.2 3.63 ± 0.33 3.06 ± 0.22 
GWPS 2.11 ± 0.11 1.79 ± 0.16 2.25 ± 0.13 2.66 ± 0.3 2.20 ± 0.18 
NKPS 2.63 ± 0.1 2.53 ± 0.04 2.97 ± 0.29 2.94 ± 0.26 2.77 ± 0.17 
TGW 42.29 ± 2.37 39.4 ± 3.2 44.55 ± 3.28 49.03 ± 5.7 43.82 ± 3.64 
GP 12.04 ± 0.46 12.51 ± 0.27 12.72 ± 0.25 12.01 ± 0.23 12.32 ± 0.3 
GM 11.6 ± 0.08 11.53 ± 0.06 11.58 ± 0.13 11.65 ± 0.07 11.59 ± 0.09 
GH 106.94 ± 5.51 104.31 ± 5.18 90.63 ± 15.04 107.82 ± 10.25 102.43 ± 9.00 
GWA 64.36 ± 0.69 64.33 ± 0.62 63.62 ± 1.54 65.96 ± 1.72 64.57 ± 1.14 
GTW 82.87 ± 0.77 83.48 ± 0.19 80.97 ± 1.53 81.55 ± 0.66 82.22 ± 0.79 
WUEDM-Anthesis 35.0 ± 1.40 31.95 ± 1.17 31.86 ± 1.21 36.98 ± 2.09 33.95 ± 1.47 
WUEDM-Maturity 36.8 ± 1.84 35.38 ± 0.6 38.36 ± 1.84 40.48 ± 3.23 37.76 ± 1.88 
WUEGrain 14.74 ± 0.58 14.83 ± 0.39 15.76 ± 0.59 15.60 ± 0.59 15.23 ± 0.54 
GRY 5140.0 ± 233.3 5182.5 ± 196.3 5466.2 ± 132 5438.0 ± 195.5 5306.7 ± 189.3 
 
1 NDVI, normalized difference vegetation index; LA, leaf area (cm2); LL, leaf length (cm); LW, leaf width (cm); LWT, leaf weight (mg); 
SLWT, specific leaf weight (mg/cm2); SLA, specific leaf area (cm2/mg); GL, glaucousness; CH, chlorophyll content; CTD, canopy 
temperature depression (ᴼC); BIA, biomass at anthesis (kg ha-1); TIL, tillers; BIM, biomass at maturity (kg ha-1); HI, harvest index (%); PH, 
plant height (cm); DH, days to heading; DM, days to maturity; AL, awn length (cm); SL, spike length (cm); SD, spikelet density; NSPS, 
number of spikelets per spike; NGPS, number of grains per spike; SSW, single spike weight; GWPS, grain weight per spike (g); NKPS, 
number of kernels per spikelet; TGW, thousand grain weight (g); GP, grain protein (%); GM, grain moisture; GH, grain hardness (PSI); 
GWA, grain water absorption (%); GTW, grain test weight; WUEDM-Anthesis, water use efficiency for dry matter production at anthesis (kg 
ha-1 mm-1); WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1 mm-1), WUEGrain water use efficiency for 
grain yield (kg ha-1 mm-1); GRY, grain yield (kg ha-1). 
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7.3.2 Genetic diversity based on molecular data 
7.3.2.1 Fourteen genotypes 
 The genotypes were broadly divided into two main clusters based on molecular data. 
One cluster comprised the genotypes 7, 8 and 9, all cultivars released in Queensland with 
similar parentage, and the remaining genotypes fell in the other cluster (Figure 7.4). At 11 
units distance four distinct clusters were formed. The related genotypes (mentioned above) 
were in cluster I, synthetic genotypes and a genotype 11 in cluster II, two sister lines in 
cluster III, and  cluster IV comprised two synthetic genotypes and  genotype 15. 
 The genotypes in clusters II and IV were characterized by high grain yield, superior 
root traits coupled with highest WUEDM-Maturity and WUEGrain, higher NDVI, superior leaf 
and spike traits, greater biomass at maturity, bigger grain size, higher grain protein, lower 
tiller number and reduced  grain test weight compared to the grand mean (Table 7.5). Cluster 
II tended to be earlier flowering and IV is characterised by higher grain water absorption.   
The genotypes in cluster I had higher grain yield, superior NDVI, high tiller number, 
greater biomass at maturity, late heading, lower leaf traits, lower harvest index, shorter plant 
height, smaller seeds and poor WUEDM-Maturity and WUEGrain compared to the grand mean. 
Cluster III comprised genotypes with the highest harvest index, high grain test weight, harder 
seeds but the shortest plant height, low NDVI and biomass at maturity, inferior spike traits, 
and poorer root traits compared to the grand mean. The genotypes in this cluster were among 
the least efficient for WUE and productivity.  
It was concluded that the genotypes in clusters II and IV were superior for grain yield, 
WUE, and above and below ground traits and were better acclimatized to the testing 
environments. 
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Figure 7.4. Dendrogram of fourteen genotypes based on molecular (DArT) data.  
      G denotes the genotype followed by code. Clusters indicated in boxes. 
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Table 7.5. Mean and standard deviation of below (2009) and above ground traits (2009-2011) 
of fourteen genotypes in different clusters based on molecular data. 
Trait
1
/Cluster I II III IV Grand 
  Cluster Mean ± SD  Mean ± SD 
RL (0-15cm) 322.2 ± 36.9 377.8 ± 42.3 289.0 ± 21.1 384.6 ± 152.3 343.4 ± 63.2 
RL (15-30cm) 224.2 ± 22.3 243.0 ± 12.7 203.1 ± 19.3 219.9 ± 57.7 222.6 ± 28.0 
RL (30-60cm) 231.7 ± 22.5 252.2 ± 21.4 191.2 ± 9.9 260.3 ± 94.5 233.9 ± 37.1 
TRL (0-60cm) 778.1 ± 77.0 873.0 ± 71.6 683.4 ± 50.2 864.8 ± 301.7 799.8 ± 125.1 
RAD (0-15cm) 0.185 ± 0.011 0.190 ± 0.019 0.180 ± 0.007 0.189 ± 0.018 0.186 ± 0.014 
RAD (15-30cm) 0.179 ± 0.006 0.189 ± 0.015 0.175 ± 0.004 0.174 ± 0.015 0.179 ± 0.010 
RAD (30-60cm) 0.178 ± 0.018 0.178 ± 0.009 0.164 ± 0.003 0.176 ± 0.018 0.174 ± 0.012 
TRAD (0-60cm) 0.181 ± 0.011 0.186 ± 0.013 0.173 ± 0.000 0.180 ± 0.017 0.180 ± 0.010 
RLD (0-15cm) 1.092 ± 0.125 1.281 ± 0.144 0.980 ± 0.071 1.304 ± 0.516 1.164 ± 0.214 
RLD (15-30cm) 0.760 ± 0.076 0.824 ± 0.043 0.689 ± 0.066 0.745 ± 0.196 0.755 ± 0.095 
RLD (30-60cm) 0.393 ± 0.038 0.428 ± 0.036 0.325 ± 0.017 0.442 ± 0.160 0.397 ± 0.063 
RLD (0-60cm) 0.748 ± 0.074 0.844 ± 0.070 0.664 ± 0.051 0.830 ± 0.287 0.772 ± 0.121 
NDVI 0.661 ± 0.005 0.653 ± 0.030 0.594 ± 0.010 0.656 ± 0.028 0.641 ± 0.018 
LA 21.69 ± 1.85 23.72 ± 2.10 23.40 ± 1.38 24.62 ± 6.31 23.36 ± 2.91 
LL 22.14 ± 0.99 23.05 ± 1.87 22.44 ± 0.49 23.72 ± 2.00 22.84 ± 1.34 
LW 1.50 ± 0.06 1.62 ± 0.07 1.59 ± 0.03 1.64 ± 0.17 1.59 ± 0.08 
GL 2.0 ± 0.1 3.0 ± 0.2 2.0 ± 0.1 3.0 ± 0.44 3.0 ± 0.2 
TIL 398.30 ± 20.85 348.27 ± 17.21 362.80 ± 19.66 324.00 ± 31.3.00 358.34 ± 22.26 
BIM 12448.3 ± 107.3 12690.3 ± 782.7 11727.5 ± 969.4 12318.3 ± 594.3 12296.1 ± 613.4 
HI 44.00 ± 1.68 44.78 ± 2.19 47.05 ± 1.77 44.20 ± 2.00 45.01 ± 1.91 
PH 79.11 ± 2.02 85.08 ± 7.59 74.31 ± 1.63 88.26 ± 10.50 81.69 ± 5.44 
DH 100.43 ± 1.32 91.15 ± 3.99 97.67 ± 0.47 95.13 ± 2.41 96.10 ± 2.05 
AL 6.63 ± 0.19 6.57 ± 0.69 5.94 ± 0.02 7.04 ± 0.26 6.55 ± 0.29 
SL 8.22 ± 0.20 8.84 ± 0.52 8.14 ± 0.90 9.56 ± 0.56 8.69 ± 0.55 
SD 2.24 ± 0.01 1.93 ± 0.14 2.15 ± 0.14 1.87 ± 0.12 2.05 ± 0.10 
NSPS 18.45 ± 0.49 16.99 ± 0.74 17.47 ± 0.86 17.88 ± 0.90 17.70 ± 0.75 
NGPS 49.49 ± 2.59 49.36 ± 3.36 44.72 ± 3.27 49.94 ± 4.94 48.38 ± 3.54 
GWPS 2.03 ± 0.10 2.24 ± 0.16 1.95 ± 0.13 2.36 ± 0.37 2.15 ± 0.19 
NKPS 2.67 ± 0.07 2.90 ± 0.21 2.55 ± 0.07 2.79 ± 0.26 2.73 ± 0.15 
TGW 39.11 ± 0.49 42.94 ± 3.91 41.29 ± 0.30 44.40 ± 3.57 41.94 ± 2.07 
GP 12.37 ± 0.38 12.85 ± 0.18 12.23 ± 0.45 12.51 ± 0.41 12.49 ± 0.36 
GM 11.31 ± 0.07 11.30 ± 0.13 11.31 ± 0.03 11.33 ± 0.05 11.31 ± 0.07 
GH 104.40 ± 4.89 96.83 ± 13.75 114.23 ± 1.98 103.65 ± 7.57 104.78 ± 7.05 
GWA 63.45 ± 0.60 63.42 ± 1.85 63.81 ± 0.68 64.07 ± 0.72 63.69 ± 0.96 
GTW 82.31 ± 0.28 80.67 ± 1.41 83.56 ± 0.06 81.60 ± 2.10 82.04 ± 0.96 
WUEDM-Maturity 36.70 ± 0.85 38.32 ± 2.52 35.35 ± 3.61 37.33 ± 1.46 36.93 ± 2.11 
WUEGrain 15.03 ± 0.61 16.10 ± 0.60 14.60 ± 0.85 15.37 ± 1.00 15.28 ± 0.77 
GRY 4734.0 ± 141.0 4944.8 ± 102.5 4405.5 ± 255.3 4700.0 ± 310.8 4695.9 ± 202.4 
 
1 RL cm (0-15cm), root length (cm) in 0-15 cm soil depth; RL cm (15-30cm), root length (cm) in 15-30 cm soil depth; RL cm (30-60cm), 
root length (cm) in 30-60 cm soil depth; TRL cm (0-60cm), total root length (cm) in 0-60 cm soil depth; RAD mm (0-15cm), root average 
diameter (mm) in 0-15 cm soil depth; RAD mm (15-30cm), root average diameter (mm) in 15-30 cm soil depth; RAD mm (30-60cm), root 
average diameter (mm) in 30-60 cm soil depth; TRAD mm (0-60cm), total root average diameter (mm) in 0-60 cm soil depth; RLD cm cm-3 
(0-15 cm), root length density (cm cm-3) in 0-15 cm soil depth; RLD cm cm-3 (15-30 cm), root length density (cm cm-3) in 15-30 cm soil 
depth; RLD cm cm-3 (30-60 cm), root length density (cm cm-3) in 30-60 cm soil depth; RLD cm cm-3 (0-60 cm), root length density (cm cm-
3) in 0-60 cm soil depth; NDVI, normalized difference vegetation index; LA, leaf area (cm2); LL, leaf length (cm); LW, leaf width (cm); GL, 
glaucousness; TIL, tillers; BIM, biomass at maturity (kg ha-1); HI, harvest index (%); PH, plant height (cm); DH, days to heading; AL, awn 
length (cm); SL, spike length (cm); SD, spikelet density; NSPS, number of spikelets per spike; NGPS, number of grains per spike; GWPS, 
grain weight per spike (g); NKPS, number of kernels per spikelet; TGW, thousand grain weight (g); GP, grain protein (%); GM, grain 
moisture; GH, grain hardness (PSI); GWA, grain water absorption (%); GTW, grain test weight; WUEDM-Maturity, water use efficiency for 
dry matter production at maturity (kg ha-1 mm-1), WUEGrain water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
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7.3.2.2 Nineteen genotypes 
Cluster analysis separated the genotypes at 8 units distance into four clusters based on 
1963 polymorphic molecular markers (Figure 7.5). Cluster I was comprised of genotypes 
with related parentage, similarly clusters II and IV comprised all the synthetic genotypes 
among others and cluster III was composed of two sister lines. 
The genotypes in cluster II were distinguished by highest grain yield, superior 
WUEDM-Maturity and WUEGrain but lower WUEDM-Anthesis (Table 7.6). In addition cluster 
II was superior for a number of traits including NDVI, leaf traits, glaucousness, chlorophyll 
content, canopy temperature depression, biomass at maturity, spike traits, grain weight and 
grain protein. Whereas biomass at anthesis, tiller number, harvest index, grain hardness, grain 
water absorption and grain test weight tended to be lower than the grand mean. This cluster 
was also distinguished by early flowering.   
Cluster IV was also superior for many of the same traits as II including higher 
WUEDM-Anthesis, greater biomass at anthesis, harder grains and higher grain water 
absorption but tended to be lower for chlorophyll content, tiller number and test weight. This 
cluster also consisted of earlier flowering genotypes.  
In contrast, Cluster I was lower  yielding but  higher for NDVI, chlorophyll content, 
canopy temperature depression, tiller number, grain hardness and grain test weight. The 
genotypes in this cluster were lower than the overall mean for a number of traits including all 
WUE, leaf traits, leaf glaucousness, biomass at anthesis and maturity, spike traits, grain 
weight, grain protein and grain water absorption. This group tended to be shorter in stature 
and later maturing.  
Cluster III included the genotypes with higher WUEDM-Anthesis, better leaf traits, 
more biomass at anthesis, higher harvest index, harder grains, high grain water absorption 
and superior grain test weight. This group tended to be shorter in stature with medium 
maturity. The group had the lowest values for a range of traits including NDVI, chlorophyll 
content, canopy temperature depression, biomass at maturity, spike traits, grain weight, grain 
protein and grain yield.  
Overall, the genotypes in clusters II and IV had a better combination of grain yield, 
improved WUE and above ground plant traits.  
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Figure 7.5. Dendrogram of nineteen genotypes based on molecular data. 
                  G denotes the genotype followed by code. Clusters indicated in boxes. 
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Table 7.6. Mean and standard deviation of above ground traits of nineteen genotypes in 
different clusters based on molecular data, 2010-2011. 
Trait
1
/Cluster I II III IV Grand 
  Cluster Mean ± SD  Mean ± SD 
NDVI 0.681 ± 0.027 0.695 ± 0.052 0.620 ± 0.014 0.696 ± 0.015 0.673 ± 0.027 
LA 25.46 ± 3.60 28.27 ± 2.61 28.80 ± 0.82 30.05 ± 7.21 28.15 ± 3.56 
LL 23.70 ± 1.05 24.07 ± 1.49 24.78 ± 0.41 25.49 ± 2.51 24.51 ± 1.37 
LW 1.49 ± 0.15 1.65 ± 0.07 1.66 ± 0.02 1.68 ± 0.15 1.62 ± 0.10 
LWT 157.99 ± 23.47 177.30 ± 9.72 177.05 ± 1.63 188.48 ± 24.19 175.21 ± 14.75 
SLWT 6.25 ± 0.23 6.37 ± 0.28 6.23 ± 0.15 6.56 ± 0.91 6.35 ± 0.39 
SLA 0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0 0.16 ± 0.02 0.16 ± 0.01 
GL 2.0 ± 0.13 3.0 ± 0.00 2.0 ± 0 3.0 ± 0.31 2.0 ± 0.11 
CH 48.23 ± 0.66 48.44 ± 1.94 47.15 ± 0.47 47.43 ± 3.49 47.81 ± 1.64 
CTD 6.09 ± 0.25 6.48 ± 0.28 5.50 ± 0.42 6.24 ± 0.40 6.08 ± 0.34 
BIA 7086.7 ± 317.0 7064.0 ± 662.9 7806.5 ± 14.8 7811.6 ± 333.8 7442.2 ± 332.1 
TIL 440.03 ± 46.45 360.0 ± 23.70 372.40 ± 25.74 335.62 ± 19.34 377.01 ± 28.81 
BIM 13061.4 ± 407.6 13494.8 ± 1012.6 12440.5 ± 1134.9 13445.6 ± 637.2 13110.6 ± 798.1 
HI 45.09 ± 1.62 45.52 ± 2.79 47.85 ± 1.91 45.48 ± 1.87 45.99 ± 2.05 
PH 84.02 ± 3.16 91.20 ± 8.69 80.58 ± 1.52 97.59 ± 7.93 88.35 ± 5.33 
DH 105.00 ± 1.22 93.98 ± 3.71 101.46 ± 0.41 99.42 ± 1.89 99.97 ± 1.81 
DM 154.55 ± 0.60 145.67 ± 4.10 149.58 ± 0.94 149.27 ± 2.94 149.77 ± 2.15 
AL 6.41 ± 0.44 6.55 ± 0.76 5.98 ± 0.1 6.77 ± 0.55 6.43 ± 0.46 
SL 8.24 ± 0.26 8.93 ± 0.52 8.36 ± 0.87 9.78 ± 0.70 8.83 ± 0.59 
SD 2.26 ± 0.05 1.95 ± 0.15 2.16 ± 0.12 1.88 ± 0.09 2.06 ± 0.10 
NSPS 18.64 ± 0.65 17.34 ± 0.81 17.98 ± 0.91 18.34 ± 1.43 18.08 ± 0.95 
NGPS 48.39 ± 3.45 48.95 ± 3.41 47.00 ± 2.79 55.41 ± 6.36 49.94 ± 4.00 
SSW 2.72 ± 0.34 3.17 ± 0.16 2.85 ± 0.2 3.53 ± 0.39 3.07 ± 0.27 
GWPS 1.96 ± 0.24 2.27 ± 0.17 2.01 ± 0.13 2.54 ± 0.34 2.20 ± 0.22 
NKPS 2.59 ± 0.12 2.82 ± 0.08 2.61 ± 0.02 3.03 ± 0.35 2.76 ± 0.14 
TGW 39.66 ± 2.13 46.80 ± 5.87 43.01 ± 0.16 46.33 ± 3.42 43.95 ± 2.90 
GP 12.18 ± 0.32 12.57 ± 0.32 11.74 ± 0.55 12.28 ± 0.50 12.19 ± 0.42 
GM 11.55 ± 0.05 11.62 ± 0.14 11.61 ± 0.16 11.62 ± 0.07 11.60 ± 0.11 
GH 104.67 ± 3.64 94.31 ± 19.27 112.79 ± 2.57 104.59 ± 7.94 104.09 ± 8.36 
GWA 64.02 ± 0.44 64.37 ± 2.69 64.56 ± 0.56 65.11 ± 0.39 64.52 ± 1.02 
GTW 82.80 ± 0.68 81.15 ± 1.53 83.45 ± 0.12 81.86 ± 1.37 82.32 ± 0.93 
WUEDM-Anthesis 33.14 ± 1.59 32.52 ± 2.68 36.85 ± 0.07 35.86 ± 2.28 34.59 ± 1.66 
WUEDM-Maturity 36.43 ± 1.19 39.48 ± 3.66 36.05 ± 4.17 38.52 ± 1.31 37.62 ± 2.58 
WUEGrain 14.91 ± 0.40 15.88 ± 0.66 14.20 ± 0.71 15.26 ± 0.52 15.06 ± 0.57 
GRY 5230.4 ± 182.8 5482.8 ± 157.4 4894.0 ± 178.2 5337 ± 227.1 5236.1 ± 186.4 
 
1 NDVI, normalized difference vegetation index; LA, leaf area (cm2); LL, leaf length (cm); LW, leaf width (cm); LWT, leaf weight (mg); 
SLWT, specific leaf weight (mg/cm2); SLA, specific leaf area (cm2/mg); GL, glaucousness; CH, chlorophyll content; CTD, canopy 
temperature depression (ᴼC); BIA, biomass at anthesis (kg ha-1); TIL, tillers; BIM, biomass at maturity (kg ha-1); HI, harvest index (%); PH, 
plant height (cm); DH, days to heading; DM, days to maturity; AL, awn length (cm); SL, spike length (cm); SD, spikelet density; NSPS, 
number of spikelets per spike; NGPS, number of grains per spike; SSW, single spike weight; GWPS, grain weight per spike (g); NKPS, 
number of kernels per spikelet; TGW, thousand grain weight (g); GP, grain protein (%); GM, grain moisture; GH, grain hardness (PSI); 
GWA, grain water absorption (%); GTW, grain test weight; WUEDM-Anthesis, water use efficiency for dry matter production at anthesis (kg 
ha-1 mm-1); WUEDM-Maturity, water use efficiency for dry matter production at maturity (kg ha
-1 mm-1), WUEGrain water use efficiency for 
grain yield (kg ha-1 mm-1); GRY, grain yield (kg ha-1). 
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7.4 Discussion 
 To maintain, evaluate and utilize germplasm effectively, it is important to assess the 
extent of genetic diversity (Ghafoor et al. 2001). The main concern of the plant breeder is 
identification of genotypic variation for key traits within and between populations. Genetic 
divergence refers to the degree of diversification with regard to the component traits 
(Ahlawat et al. 2008). The main aim of this study was to determine genotypic divergence 
through cluster analysis and to identify parental combinations that might improve WUE and 
adaption to northwestern NSW. 
Hierarchical cluster analysis classified genotypes into four groups on the basis of 
above and below ground traits. Though genotypes with greater similarity were grouped 
together, the clusters did not necessarily include all the genotypes from the same origin 
(Ghafoor et al. 2001) and pedigree. This is true for genotypes 11 and 20 which both have an 
Australian origin but clustered with synthetic genotypes of Mexican origin, in contrast the 
genotypes 7 and 9 are sister lines from the same cross but grouped in different clusters. 
Similar observations were made by Rabbani et al. (1998) and Ghafoor et al. (2001). This 
trend was not observed in when genotypes were clustered using the molecular data. All the 
released Australian cultivars (7, 8, 9, 16, 17, 18 and 19) are based on the variety Cook, a 
common parent found among high quality cultivars released in northern Australia, grouped 
together. Considerable similarity between the clustering based on phenotypic and genotypic 
data was observed for all the synthetic genotypes.  
The synthetic genotypes grouped in two clusters based on root traits and grain yield. 
Similarly the synthetic genotypes were also grouped into two clusters on the basis of above 
ground traits. Gashaw et al. (2007) and Ahlawat et al. (2008) also found that germplasm from 
different geographic regions clustered together and broad  genetic diversity in wheat has been 
reported previously for a number of characteristics, including yield (Kaya et al. 2006), 
morpho-physiological and agronomic traits (Reynolds et al. 2007b; Ahlawat et al. 2008; Ali 
et al. 2008; Khodadadi et al. 2011), grain physico-chemical properties (Ahmad et al. 2008; 
Pasha et al. 2009) and root traits (Motzo et al. 1993; Manschadi et al. 2006; Palta et al. 
2011). The synthetic derived genotypes tended to have superior agro-physiological traits, 
WUE, grain yield and drought tolerance. These synthetic genotypes combine new genetic 
variation from Aegilops tauschii with adapted bread wheat genotypes such as Kauz, Pastor, 
and Opata, demonstrate the importance of allelic diversity for economically important traits 
in plant breeding. In previous work, the superior performance of synthetic lines was 
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attributed to increased partitioning of root biomass to deeper soil profiles and increased 
ability to take up water from these depths (Reynolds et al. 2007b). 
 Parameters were identified that contributed to higher performance in field studies 
based on clustering of phenotypic and molecular data (Table 7.7). The contributing traits 
common in data sets were; higher total root length and average diameter, root length density, 
superior NDVI, better specific leaf weight, glaucousness, higher canopy temperature 
depression, biomass at maturity, higher plant height, lower days to heading and maturity, 
more awn length, spike length, number of grains per spike, single spike weight, grain weight 
per spike, number of kernels per spikelet, higher thousand grain weight, WUEDM-Maturity, 
WUEGrain and grain yield. 
In the current study substantial genetic variability was identified for both above and 
below ground traits. A plant breeder can use this information to plan crosses among high 
yielding genotypes from different clusters coupled with complementary trait variation. For 
example, synthetic genotypes (2, 3, 4 and 5) and a released cultivar Crusader combining 
superior combinations of traits such as canopy temperature depression (CTD), harvest index, 
early maturity, grain protein, seed size, WUEDM-Maturity, WUEGrain, root traits and grain 
yield (cluster II) could be  crossed with synthetic genotypes 6 and 10 and a released cultivar 
Ventura that express NDVI, biomass at anthesis, spike traits, grain hardness, grain water 
absorption, WUEDM-Anthesis and grain yield (cluster IV).  
Genotypes differentiated into clusters based on allelic similarity with superior 
combinations of above and below ground traits identified and these can be used in breeding 
programs targeting the improvement of water use efficiency and grain yield in northwestern 
NSW.  
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Table 7.7. Parameters that contributed to higher performance in field studies. 
Trait 
Clustering based on 
Phenotypic data Molecular data 
Below ground, 2009 
and above ground 
traits, 2009-11         
(15 genotypes) 
Above ground 
traits, 2010-11     
(20 genotypes) 
Below ground, 2009 
and above ground 
traits, 2009-11         
(14 genotypes) 
Above ground 
traits, 2010-11     
(19 genotypes) 
TRL (0-60 cm) X  X  
TRAD (0-60 cm) X  X  
RLD (0-60 cm) X  X  
NDVI X  X X 
LA     
LL     
LW     
LWT     
SLWT  X  X 
SLA     
GL X X X X 
CH     
CTD  X  X 
BIA     
TIL     
BIM X X X X 
HI     
PH X X  X 
DH  X  X 
DM  X  X 
AL X X X X 
SL X X  X 
SD     
NSPS     
NGPS X X X X 
SSW  X  X 
GWPS  X  X 
NKPS X X  X 
TGW  X  X 
GP    X 
GM     
GH     
GWA     
GTW     
WUEDM-Anthesis     
WUEDM-Maturity X X X X 
WUEGrain X X X X 
GRY X X X X 
 
1 TRL cm (0-60cm), total root length (cm) in 0-60 cm soil depth; TRAD mm (0-60cm), total root average diameter (mm) in 0-60 cm soil 
depth; RLD cm cm-3 (0-60 cm), root length density (cm cm-3) in 0-60 cm soil depth; NDVI, normalized difference vegetation index; LA, leaf 
area (cm2); LL, leaf length (cm); LW, leaf width (cm); LWT, leaf weight (mg); SLWT, specific leaf weight (mg/cm2); SLA, specific leaf 
area (cm2/mg); GL, glaucousness; CH, chlorophyll content; CTD, canopy temperature depression (ᴼC); BIA, biomass at anthesis (kg ha -1); 
TIL, tillers; BIM, biomass at maturity (kg ha-1); HI, harvest index (%); PH, plant height (cm); DH, days to heading; DM, days to maturity; 
AL, awn length (cm); SL, spike length (cm); SD, spikelet density; NSPS, number of spikelets per spike; NGPS, number of grains per spike; 
SSW, single spike weight; GWPS, grain weight per spike (g); NKPS, number of kernels per spikelet; TGW, thousand grain weight (g); GP, 
grain protein (%); GM, grain moisture; GH, grain hardness (PSI); GWA, grain water absorption (%); GTW, grain test weight; WUEDM-
Anthesis, water use efficiency for dry matter production at anthesis (kg ha-1 mm-1); WUEDM-Maturity, water use efficiency for dry matter 
production at maturity (kg ha-1 mm-1), WUEGrain water use efficiency for grain yield (kg ha
-1 mm-1); GRY, grain yield (kg ha-1). 
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8. Association analysis of grain yield and disease resistance in wheat 
 
8.1 Introduction 
 Most DNA based molecular marker studies conducted during the last two decades 
were based on linkage analysis in mapping populations, thus putting serious limitations in 
using molecular markers for genetic studies in various plant systems (Gupta et al. 2005). 
Quantitative trait loci (QTL) identified in mapping populations are not always applicable to 
breeding programs because these populations rarely represent the germplasm used in plant 
breeding programs (Beavis 1998). However, improved statistical techniques and high 
throughput molecular marker technologies have made data from plant breeding programs a 
valuable resource for genetic studies (Arief 2010). A relatively new technique known as 
association analysis can integrate the phenotypic and genotypic data routinely obtained from 
plant breeding programs and provide a better understanding of genotype-to-phenotype 
relationships and the results thus obtained are directly applicable to that program.  
The linkage disequilibrium (LD) based association analysis has already been used in 
humans but its use in plants is relatively new (Gupta et al. 2005). Some early association 
studies reported kernel size and milling quality (Breseghello and Sorrells 2006b) and 
morpho-physiological traits (Maccaferri et al. 2006) based on germplasm other than bi-
parental populations in bread wheat. Association analysis of large data sets such as the  
historical multi-environment trial data from International Maize and Wheat Improvement 
Centre (CIMMYT) wheat breeding program was reported and identified marker-trait 
associations (MTAs) for grain yield, disease resistance and number of other traits (Crossa et 
al. 2007; Arief 2010). 
Grain yield is the main economic driver of successful wheat cropping (Kuchel et al. 
2007) and the improvement of grain yield and related disease resistance is the primary aim of 
any wheat breeding program. While the genetic control of some diseases, such as the cereal 
rusts, is relatively well understood, much less is known of the genetic control of more 
complex traits such as grain yield and crown rot (Fusarium pseudograminearum).  Stripe rust 
(Puccinia striiformis f. sp. tritici), leaf rust (Puccinia triticina) and stem rust (Puccinia 
graminis f. sp. tritici) are the most severe diseases of wheat globally, while crown rot is an 
important regional disease and is particularly severe in the grain growing areas of northern 
NSW and Queensland. Genomic regions have been identified for these traits through 
genome-wide association analysis (Crossa et al. 2007; Arief 2010; Bovill et al. 2010; 
Neumann et al. 2011; Yu et al. 2012).  
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In this study, some of the traits reported earlier in this dissertation were taken to the 
next phase of genetic analysis through association studies in a commercial Australian wheat 
breeding program targeting new and different environments. Grain yield and diseases data 
collected on advanced genotypes and cultivars and their parents were analysed using high 
throughput DArT marker technology and marker trait associations (MTAs) were studied. In 
the breeding program, these genotypes were evaluated over a wide range of locations and 
years or both, thus providing a useful database for the association analysis (Neumann et al. 
2011). 
 
8.2 Materials and methods 
For this study, the plant material, pedigree information and data were provided by the 
Meiqin Lu, wheat breeder at Australian Grain Technologies (AGT), Narrabri, NSW. Earlier 
association studies reported in the literature generally concentrated on gene pool accessions, 
and collections of cultivars and/or wild relatives. However, instead of a general collection of 
genotypes, this study focuses on breeding program germplasm the premise being that 
genomic regions associated with key traits would be of relevance to the Narrabri based wheat 
breeding program. The parents/checks and advanced lines derived from them were genotyped 
using the DArT marker system.  
Among the twenty genotypes used in the field experiments during 2010-2011 and 
reported in previous chapters, nine genotypes were common to the association analysis; six 
were evaluated as parents/checks and seven were used as parents in crosses to derive these 
lines. In total 299 genotypes were included in the association analysis study and the list of 
these genotypes is given in Appendix III, Table 1.  
 
8.2.1 Phenotypic data 
The traits studied for association analysis for each year are given in Table 8.1. Grain 
yield was evaluated in AGT multi-environment wheat yield trials for three years at 27 
different locations in Australia. These trials were conducted using a P-rep design. Some of 
the locations were in common across years (Table 8.2). The trial location, latitude, longitude 
and number of genotypes tested in each year are given in Table 8.3. The trials were 
conducted at 6, 8 and 13 locations in 2008, 2009 and 2010, respectively. Most of the 
locations were in New South Wales, one in Victoria and two in Queensland. In 2008, 288 
genotypes were evaluated and some additional parents/checks were included in 2009, 
whereas selected set of genotypes were tested during 2010. 
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Table 8.1. Traits studied (2008-2010) for association analysis. 
S. No. Trait Unit/Scale 
Year 
2008 2009 2010 
1. Grain yield Kg ha
-1
 √ √ √ 
2. Stripe rust 1 – 91 - √ √ 
3. Leaf rust 1 – 9 - √ √ 
4. Crown rot 1 – 9 - √ √ 
 
1
 Rust was scored on 1-9 scale, where 1 = highly resistant, 9 = highly susceptible (Bariana et al.    
  2007). 
 
 
Table 8.2. Number of yield trial locations in the AGT wheat yield trials conducted from 
2008-2010 and used for association analysis of grain yield; diagonal values are the number of 
locations common between years. 
S. No. Year 
Trial 
locations 
Trial locations in common each year 
2008 2009 2010 
1. 2008 6 - 5 5 
2. 2009 8  - 7 
3. 2010 13   - 
 Total 27    
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Table 8.3. Number of genotypes in common across AGT wheat yield trials conducted from 
2008-2010 and used for association analysis of grain yield; values are the number of 
genotypes for which data were available for each year. 
S. 
No. 
Trial locations State
1
 
Latitude
(°S) 
Longitude
(°E) 
Number of genotypes 
2008 2009
3
 2010 
1. Narrabri NSW 30.33 149.77 288 299 82 
2. Walgett NSW 30.03 148.10 288 299 82 
3. Biniguy NSW 29.57 150.14 288 299 82 
4. North Star NSW 28.92 150.38 288 299 82 
5. Parkes NSW 33.13 148.17 287 - - 
6. Horsham VIC 36.71 142.20 288 299 81 
7. Wee Waa NSW 30.22 149.43 -
2
 296 79 
8. Quirindi NSW 31.50 150.68 - 299 82 
9. Queensland QLD 23.44 150.46 - 299 - 
10. Premer NSW 31.47 149.90 - - 82 
11. Walgett (crown rot) NSW 30.03 148.10 - - 75 
12. McAlister NSW 34.45 149.57 - - 81 
13. Young NSW 34.32 148.30 - - 81 
14. Wagga Wagga NSW 35.12 147.37 - - 81 
15. Meandarra QLD 27.32 149.88 - - 81 
 
1 
NSW, New South Wales; VIC, Victoria; QLD, Queensland. 
2 “_“
 No trial at this location.  
3
 In 2009 some additional parents/checks were included  
Source for latitude/longitude: http://www.bom.gov.au/climate/data/ 
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At all trial sites the standard fertilizer treatment was Urea 100 kg ha
-1 
and DAP 50 kg 
ha
-1 
applied at sowing to enhance plant establishment, vigour and robustness. No soil problem 
or nutrient imbalance was observed at any testing site. At maturity the trials were harvested 
with a combine harvester and grain yield was recorded and expressed as kg ha
-1
. The data 
was analysed using BLUPs. 
The germplasm from the AGT wheat yield trials was also screened for stripe rust, leaf 
rust and crown rot resistance during 2009 and 2010. The locations and number of genotypes 
tested for these diseases are given in Table 8.4. 
 
8.2.2 Marker data 
8.2.2.1 DNA extraction 
The seeds of 299 genotypes were sown in 100 mm pots filled with potting mix (2:1; 
pine bark : river sand) and placed  in a micro-climate room  set at 21 
O
C ± 1 
O
C and 15 
O
C ± 1 
O
C day/night temperature, respectively. Five seeds per genotype were sown and four 
genotypes planted per pot starting from the top (marked with label) and proceeding clockwise 
(Figure 8.1). Each pot was duplicated to avoid any risk from lack of germination. After filling 
pots (but before sowing) aquasol fertilizer (1 spoon of aquasol in 9 litres of water) was 
applied which provided initial nutrient to the germinating seeds. DNA was extracted 
following the modified CTAB method of Doyle and Doyle (1990) as described below. 
Four leaves of 2cm length were collected from two week old seedlings and put in the 
2 ml labelled eppendorf tubes. These tubes with their caps open were placed in the silica gel 
boxes for five days to dry the leaf samples. Two stainless steel beads were added to each tube 
and the material ground to fine powder in a mixer mill (MM300 Retsch, Haan, Germany) for 
two minutes at 20 rpm. Beads were removed and 800-900 µl of warmed CTAB buffer was 
added to each tube and mixed thoroughly. Samples were incubated at 65 
O
C for 40 minutes 
with occasional gentle swirling (every 10 minutes) and then allowed to cool down at room 
temperature. Approximately 600 µl of Chloroform:phenol (24:1 v:v) was added and mixed by 
gently inversion for about 2 minutes until the two layers homogenised. Samples were then 
centrifuged at 3600 rpm at room temperature for 20 minutes and the aqueous phase 
transferred to a clean tube 1.5 ml and 700 µl of cold isopropanol added and gently mixed to 
precipitate the nucleic acids. Tubes were kept at -20 
O
C for 20 minutes and then centrifuged 
at 10,000 rpm for 10 minutes. The supernatant was removed and DNA was dried until 
isopropanol evaporated. Approximately 500 µl of CTAB wash buffer was added to each tube  
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Table 8.4. Location and number of genotypes screened during 2009 and 2010 for disease 
resistance from AGT wheat yield trials and used for association analysis. 
S. No. Locations 
Number of genotypes 
2009 2010 
 Stripe rust 
1. Narrabri, Score 1 297 - 
2. Narrabri, Score 2 299 - 
3. Narrabri, Block I3 (Trial) 293 - 
4. Cobbitty, Score 1 285 73 
5. Cobbitty, Score 2 285 - 
6. Roseworthy (SA) 294 - 
7. Narrabri, Block I6 (Trial) -
1
 82 
8. Narrabri, Block I4, replication 1 - 78 
9. Narrabri, Block I4, replication 2 - 78 
10. Narrabri, TOS Block
2
 - 70 
11. Narrabri, Hydrant 10 - 70 
 
 Leaf rust 
1. Cobbitty score 1 285 73 
2. Cobbitty score 2 284 73 
 
 Crown rot 
1. Narrabri, Nursery, Score 1 284 77 
2. Narrabri, Nursery, Score 2 - 77 
3. Walgett, Crown rot trial score 285 - 
4. Walgett, Crown rot trial maturity score 285 - 
 
1 
-  = No disease testing at this location  
2 
TOS block = Time of sowing block 
 
 
 
 
 
Figure 8.1. Two weeks old seedlings of wheat genotypes in a micro-climate room.  DNA was 
subsequently extracted and genotyped using DArT markers.  
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and washed gently by inversion followed by centrifugation at 7000 rpm for 10 minutes to 
remove the wash buffer. The tubes were kept open overnight in an upright position to allow 
the buffer if any to evaporate. Then 100 µl of TE (pH-8) with RNAase (1 µl per 100 µl of 
TE) was added and the samples maintained at 37 
O
C in oven for 1-2 hours. 
The DNA quantification (NanoDrop
®
 ND-1000 Spectrophotometer, NanoDrop 
Technologies Inc., USA) was conducted using 2 µl of DNA sample. The ratio of absorbance 
at 260nm and 280nm was used to assess the purity of DNA. A ratio of ~1.8 was accepted as 
pure. 
 
8.2.2.2 Preparation of DArT plates 
 The DNA samples were removed from the freezer and thawed for 15 minutes and 
then centrifuged for 2-3 minutes to mix the contents. The DNA quantity was calculated for 
each sample and samples were diluted at 200 ng/µl in 50 µl TE in 96 well plate. 
 
8.2.2.3 DArT marker analysis 
 DNA plates were sent to the Diversity™ Arrays Technology (DArT™) Pty Ltd, 
ACT2600, Australia for genotyping (WheatPstI(TaqI)3). 
 DArT technology involves several steps; (i) reducing the complexity of DNA samples 
to obtain a representative of that sample, (ii) library creation, (iii) microarraying libraries onto 
glass slides, (iv) hybridization of fluoro-labelled DNA onto slides, (v) scanning of slides for 
the hybridization signal and (vi) data extraction and analysis. See the Diversity Arrays 
Technology website (www.diversityarrays.com) for more information. 
 DArT are biallelic dominant markers. The markers are scored as 0, 1 and –, where “0” 
indicates absent, “1” for present and “–” for missing data. In our case 2199 markers were 
applied on 299 wheat genotypes. Among the 2199 markers, 364 were not associated with any 
chromosome and hence were removed from all subsequent analyses. 
 
8.2.3 Weather data 
Meteorological data for 2008-2010 were recorded from the nearest weather station to 
the trial locations. Rainfall and temperature data (Table 8.5) was collected online from these 
weather stations (Climate data online, Bureau of Meteorology; http://www.bom.gov.au/ 
climate/data/).
  
  
1
5
3 
Table 8.5. Weather data from sites represented in the association analysis; monthly rainfall and mean maximum and minimum temperature 
(May-November) 2008-2010. 
Year/
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N
ar
ra
b
ri
 
W
al
g
et
t 
B
in
ig
u
y
 
N
o
rt
h
 S
ta
r 
P
ar
k
es
 
H
o
rs
h
am
 
W
ee
 W
aa
 
Q
u
ir
in
d
i 
P
re
m
er
 
M
cA
li
st
er
 
Y
o
u
n
g
 
W
ag
g
a 
W
ag
g
a 
M
ea
n
d
ar
ra
 
 2008 2009 2010 2008 2009 2010 2008 2009 2010 2008 2009 2010 2008 2008 2009 2010 2009 2010 2009 2010 2010 2010 2010 2010 2010 
 
 
Monthly rainfall (mm) 
                     
May 3 38 36 7 46 15 18 45 42 5 67 40 14 37 60 34 25 45 4 47 50 83 49 68 7 
Jun 41 19 21 49 42 13 31 24 17 37 18 22 60 25 66 23 21 36 53 40 25 41 39 28 4 
Jul 40 17 69 26 8 85 47 13 72 44 16 86 50 49 55 59 25 78 48 124 87 92 58 70 59 
Aug 31 4 48 15 6 30 6 5 45 2 2 57 34 36 49 68 5 80 8 77 55 156 90 87 66 
Sep 57 29 47 43 29 38 61 29 85 75 43 168 54 14 72 47 20 56 66 45 47 73 74 63 105 
Oct 43 41 31 83 32 84 67 18 59 9 10 79 31 6 20 72 95 54 43 76 101 88 91 159 84 
Nov 134 9 68 112 13 141 219 23 90 122 12 122 82 12 69 52 11 175 38 101 149 130 222 89 86 
Total 351 157 319 334 176 406 449 158 409 293 168 574 324 180 390 354 201 524 259 510 513 663 622 564 413 
                          
 Monthly mean maximum temperature (
O
C)                    
May 23.1 22.3 22.2 24.0 22.8 22.8 23.3 22.6 22.7 24.1 22.8 23.1 20.3 17.3 18.0 17.9 22.3 22.2 21.1 20.6 17.9 15.3 17.8 18.4 23.4 
Jun 19.8 18.5 17.6 20.2 19.3 19.0 20.3 19.2 18.2 21.2 19.5 19.2 17.0 15.5 13.8 14.3 18.5 17.6 17.4 16.6 13.9 11.5 13.9 14.1 20.2 
Jul 17.6 17.8 17.6 18.7 19.0 18.5 18.1 18.4 18.0 19.1 19.0 18.7 14.9 12.6 13.8 12.9 17.8 17.6 16.3 16.3 13.9 11.6 13.3 13.1 20.1 
Aug 18.2 23.1 17.2 19.6 24.1 18.6 18.9 23.6 17.6 19.8 24.8 18.5 14.7 13.0 15.9 13.0 23.1 17.2 21.0 16.3 13.4 11.3 12.5 13.1 20.5 
Sep 23.3 24.6 22.0 24.8 25.5 23.4 24.1 24.7 22.2 24.7 26.2 22.2 21.0 18.6 17.6 15.9 24.6 22.0 23.2 21.5 18.4 15.5 16.2 16.7 23.6 
Oct 28.2 28.0 25.1 29.6 29.2 25.9 28.5 28.4 24.7 29.3 29.1 25.4 26.4 23.9 20.8 20.5 28.0 25.1 25.7 23.7 21.0 18.2 20.7 21.1 26.3 
Nov 28.5 35.4 27.4 30.0 37.1 28.3 29.0 35.5 27.4 30.5 35.5 27.5 27.7 24.7 30.4 23.9 35.4 27.4 33.7 26.7 23.0 21.2 24.3 25.4 27.5 
Mean 22.7 24.2 21.3 23.8 25.3 22.4 23.2 24.6 21.5 24.1 25.3 22.1 20.3 17.9 18.6 16.9 24.2 21.3 22.6 20.2 17.4 14.9 17.0 17.4 23.1 
                          
 Monthly mean minimum temperature (
O
C)                    
May 7.6 8.2 7.6 5.7 6.8 6.1 7.5 8.4 8.4 7.4 9.2 9.1 6.1 4.7 6.0 4.7 8.2 7.6 5.2 4.9 8.5 2.3 2.9 5.8 7.5 
Jun 7.2 7.0 5.0 6.8 7.0 3.9 7.2 6.7 5.1 7.6 7.1 6.1 6.7 5.4 4.8 3.5 7.0 5.0 5.4 2.8 5.6 1.1 1.5 3.7 6.6 
Jul 4.1 4.1 6.1 3.1 4.4 4.9 4.3 4.4 6.7 5.3 5.2 6.9 3.8 2.9 4.2 3.0 4.1 6.1 2.3 3.6 5.8 0.0 1.2 2.6 7.3 
Aug 2.3 5.7 5.0 2.1 4.9 4.4 2.8 6.5 5.7 4.2 7.1 6.5 3.2 2.0 4.6 3.3 5.7 5.0 2.9 3.3 5.0 0.6 2.1 3.7 6.3 
Sep 9.6 8.4 9.3 8.7 7.7 8.2 9.5 8.7 10.3 11.2 9.9 11.4 7.7 2.8 4.4 4.7 8.4 9.3 6.6 6.6 8.5 3.2 4.2 5.3 12.4 
Oct 13.2 11.1 12.9 12.7 11.2 11.1 13.3 12.1 12.6 14.1 13.4 13.5 12.1 5.4 4.9 6.0 11.1 12.9 8.6 9.9 10.6 6.5 7.1 9.3 13.5 
Nov 16.1 19.6 15.6 16.3 19.3 15.4 16.4 19.5 15.9 17.8 20.0 16.3 13.9 9.1 11.9 9.4 19.6 15.6 16.4 13.2 13.3 8.2 10.2 13.0 16.5 
Mean 8.6 9.2 8.8 7.9 8.8 7.7 8.7 9.5 9.2 9.7 10.3 10.0 7.6 4.6 5.8 4.9 9.2 8.8 6.8 6.3 8.2 3.1 4.2 6.2 10.0 
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8.2.4 Statistical analysis 
R version 2.13.1 (R Core Team 2012) and  the following R packages; ‘gclus’ (Hurley 
2012), ‘rpart’ (Therneau and Atkinson 2012), ‘maptree’ (White 2010), ‘sparcl’ (Witten and 
Tibshirani 2011) and ‘popgen’ (Marchini 2011) were used to conduct the pattern and 
association analyses. 
 
8.2.4.1 Pattern analysis of genotypes 
Population structure analysis was used to assign individuals to subpopulations. Pattern 
analysis, the combined use of clustering and ordination techniques was then used to derive 
separate structures for genotypes based on phenotypic and marker data. Principal coordinate 
analysis based on spectral decomposition was used for ordination (Gower 1966; Gower 1967) 
and Wards method (1963) was used as the clustering strategy for the hierarchical clustering. 
Optimized dendrograms were generated following Gruvaeus and Wainer (1972), 
where adjacent entities in the dendrogram are the most similar. Clustering was also used to 
group locations (environment structure) based on phenotypic data. 
 
8.2.4.1.1 Phenotypic data  
A two way table of genotypes (as rows) x traits (as columns) was prepared and 
column (traits) standardised prior to calculating the squared Euclidean distances among the 
genotypes. Principal coordinate analysis was conducted on the complementary similarity 
measure to standardise squared Euclidean distance (SED) and the results are presented using 
biplots with symmetrical scaling (Gabriel, 1971). 
Hence the phenotypic data was presented as; (a) optimized dendrograms based on 
SED as the dissimilarity measure and Ward’s method as the clustering strategy, (b) biplots 
for the 1st and 2nd principal components obtained from principal coordinate analysis using 
the complementary similarity of the SED, (c) biplots for the 1st and 3rd principal 
components. The colours indicate genotypes that are allocated to the same group. 
 
8.2.4.1.2 Marker data 
The marker data was presented as; (a) optimized dendrograms based on the 
complementary dissimilarity of the Czekanowski method as the dissimilarity measure and 
Ward’s method as the clustering strategy, (b) scatter plots of the 1st and 2nd principal 
components obtained from principal coordinate analysis using the Czekanowski similarity 
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measure and (c) scatter plots of the 1st and 3rd principal components. The colours indicate 
genotypes that are allocated to the same group.  
See Arief (2010) for more information on pattern analysis.   
 
8.2.4.2 Genome wide association analysis 
  Association analyses between the DArT markers and traits were performed. These 
analyses included the complete dataset using population structure for genotypes and 
individual analyses within each environmental group. In the interest of brevity the association 
analysis of the complete data set is elaborated here. 
 Association analysis was conducted following Bansal et al. (2013) and is described 
here. For each marker a t-test was conducted to check if the absence or presence of that 
marker significantly affected the phenotypic performance of the genotypes. The probability 
(P) of the differentiation among marker classes (i.e. absent and present) was converted into a 
log score (i.e. –log10P). A log score of three was used as a threshold to declare an association 
significant. The marker was considered to be positively associated with the trait if presence of 
the marker contributed to better phenotypic performance and vice versa for negative 
associations. 
The gametic phase disequilibrium was evaluated using the two most commonly used 
measures D (Lewontin 1964) and r2 (Hill and Robertson 1968). The Linkage disequilibrium 
(LD) parameter r
2
 was estimated for loci on the same chromosome and plotted against 
genetic distance measured in centimorgans.  
 
8.2.5 Chromosome arms 
 The chromosome arms were determined following Crossa et al. (2007) and the 
significant markers were then assigned to the specific chromosome arms (Tables 2 to 15, 
Appendix III). Where the chromosome arms were not identified in the cited literature but the 
distance was given in centimorgans for the reported genes/markers the arms were assigned 
following Crossa et al. (2007). Chromosome maps were drawn with MapChart 2.2 (Voorrips 
2002). 
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8.3 Results 
 As the population consists of cultivars and their derived progeny gametic phase 
disequilibrium exists among the 1835 markers (Figure 8.2). The LD blocks can be seen on 
chromosomes 2A, 2B, 2D, 3D, 5A, 6B and 7D indicating that the markers are not 
independent and are closely linked. This was verified by comparing marker positions on the 
chromosomes (Appendix III, Figure 1). The Linkage disequilibrium (LD) (r
2
) parameter 
estimated for loci on the same chromosome and plotted against genetic distance (Figure 8.3) 
indicated that the LD decreases with increasing genetic distance between marker loci. The r
2
 
appears to decline below 0.2 at approximately 87 cM. This occurs at a much greater distance 
than reported in previous wheat studies (Crossa et al. 2007; Breseghello and Sorrells 2006b). 
This could be due to more number of markers in the present study. 
 
8.3.1 Grain yield 
8.3.1.1 Pattern analysis of genotypes 
 The genotypes were grouped into four groups on the basis of grain yield data and into 
two groups for marker data as presented in the dendrograms (Figures 8.4a and 8.5a). The four 
genotype-groups (Figure 8.4a) vary substantially in number of genotypes allocated to each 
group: 100 in the largest group (group 3, green) and 29 genotypes in the smallest group 
(group 4, orange) in the largest group (group 3, green) and 29 genotypes in the smallest group 
(group 4, orange) (Table 8.6). The first three principal components from the ordination of 
grain yield data for 27 locations explain 39.7% of the variability in the data and demonstrated 
that grain yield at most  locations (L1, L2, L7 ...... L27) was positively associated with the 
exception of L4. Similarly the yield at L2, L3, L5, L6 and L20 was contrasting but more 
related within this group (Figure 8.4b). Group I (blue) genotypes were the highest yielding 
followed by group 3 (green) and group 2 (red). Group 1 genotypes were adapted to L1, L10, 
L11, L12, L15, L16, L18, L25 and L26 whereas group 4 (orange) genotypes were the lowest 
yielding with least adaptation. The locations L1, L10, L13, L14, L16, L18, L20, L21, L24, 
L25, L26 and L27 consist of better adapted genotypes with higher grain yield (Figure 8.4c). 
The first three principal components of the ordination explain 79.06% of the 
variability in the marker data. The cluster analysis allocated genotypes into two groups 
(Figure 8.5a) and the results of ordination also identified two distinct groups of genotypes 
(Figures 8.5b, c). Group 1 was the largest with 220 genotypes whereas group 2 consisted of 
79 genotypes (Table 8.6). In group 1, the predominant genotypes are Lang, Sunvale, Sunco,  
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Figure 8.2. Linkage disequilibrium (LD) heat map of the whole genome of the wheat 
genotypes assessed. 
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Figure 8.3. Linkage disequilibrium (LD) (r
2
) as a function of map distance of 1407 significant 
DArT markers.  
 
 
 
 
 
 
 
 
 
 
LD decay plot 
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Figure 8.4. Pattern analysis of grain yield of genotypes tested in multi-locational trials over  
three years. (a) Optimized dendrogram, (b) Biplots of the 1st and 2nd principal components, 
(c) Biplots of the 1st and 3rd principal components. The colours indicate genotypes that are 
allocated to the same group.  
 
L1, Narrabri 2008; L2, Walgett 2008; L3, Biniguy 2008;  L4, North Star 2008;  L5, Parkes 2008; L6, Horsham (Victoria) 2008; L7, Narrabri 
2009;  L8, Walgett 2009;  L9, Biniguy 2009;  L10, North Star 2009; L11, Wee Waa 2009; L12, Quirindi 2009; L13, Horsham 2009; L14, 
Queensland 2009; L15, Narrabri 2010; L16, Walgett 2010; L17, Biniguy 2010; L18, North Star 2010; L19, Wee Waa 2010; L20, Quirindi 
2010; L21, Premer 2010; L22, Walgett Crown rot 2010; L23, McAlister 2010; L24, Young 2010; L25, Wagga Wagga 2010; L26, Horsham 
2010; L27, Meandarra 2010. 
 
 
 
   
 
(a) 
(b) (c) 
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Figure 8.5. Pattern analysis of genotypes tested in multi-locational trials over three years 
using marker data. (a) Optimized dendrogram, (b) Scatter plot of the 1st and 2nd principal 
components, (c) Scatter plot of the 1st and 3rd principal components. The colours indicate 
genotypes that are allocated to the same group.  
 
 
 
 
 
 
 
 
 
 
(a) 
(b) (c) 
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Table 8.6. Population structure of genotypes based on grain yield and DArT marker data. 
Genotypes 
using 
grain yield 
No. of 
genotypes 
Mean grain 
yield ± SD 
Genotypes 
using marker 
data 
No. of 
genotypes 
Mean grain 
yield ± SD 
Group 1 72 3358 ± 1061 Group 1 220 3265 ± 1013 
Group 2 98 3274 ± 1010 Group 2 79 3353 ± 1121 
Group 3 100 3291 ± 1064 Total 299 3309 ± 76 
Group 4 29 2694 ± 903    
Total 299 3287 ± 897    
 
 
Carinya, SUN434A and Sun431A or advanced lines developed from these parents. In group 
2, the primary genotypes are Sunstate, Ventura and Kukri and materials derived from these 
parents. The grain yield of group 2 was higher than the mean of both groups. 
 
8.3.1.2 Population structure of locations 
Genotypes were classified into three main groups based on grain yield data recorded 
at 27 locations over three years (Figure 8.6). These three groups represent 11, 10 and 6 
locations, respectively. The genotypes in Group 3 were the highest yielding and those in 
group 2 the lowest (Table 8.7). 
 
8.3.1.3 Association analysis of grain yield 
 To evaluate the effects of population structure, genotypes were divided into groups 
based on yield, molecular and location data and the association analysis was conducted 
within each group of each data type. More emphasis is given here on the association analysis 
of the complete dataset to examine the influence of genotype x location interactions on the 
complete profile of locations. 
Association analyses of the four groups of genotypes showed maximum significant 
marker trait associations (MTAs) in group 2 followed by groups 1, 3 and 4. Group 1 with the 
fewest genotypes generated the most yield associated markers. However, within each 
genotype group more MTAs were identified at some locations than others and the maximum 
were identified at Horsham 2010 (group 1), North Star 2010 (group 2), Biniguy 2008 (group 
3), and Quirindi 2009 (group 4) (data not shown). These four locations (Horsham 2010,  
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Figure 8.6. Optimized dendrogram of trial locations using three years grain yield data. 
Nar08, Narrabri 2008; Wal08, Walgett 2008; Bin08, Biniguy 2008;  NSto8, North Star 2008;  Par08, Parkes 2008; Hor08, Horsham 
(Victoria) 2008; Nar09, Narrabri 2009;  Wal09, Walgett 2009;  Bin09, Biniguy 2009;  NSt09, North Star 2009; Wee09, Wee Waa 2009; 
Qui09, Quirindi 2009; Hor09, Horsham 2009; Qld09, Queensland 2009; Nar10, Narrabri 2010; Wal10, Walgett 2010; Bin10, Biniguy 2010; 
NSt10, North Star 2010; Wee10, Wee Waa 2010; Qui10, Quirindi 2010; Pre10, Premer 2010; Walcr10, Walgett Crown rot 2010; Mca10, 
McAlister 2010; You10, Young 2010; Wag10, Wagga Wagga 2010; Hor10, Horsham 2010; Mea10, Meandarra 2010. 
 
 
 
 
Table 8.7. Population structure on the basis of locations. 
 Locations No. of locations Mean grain yield ± SD 
Group 1 11 3562 ± 771 
Group 2 10 2768 ± 1020 
Group 3 6 3668 ± 1298 
Total 27 3333 ± 264 
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North Star 2010, Biniguy 2008 and Quirindi 2009) received sufficient rain during these 
respective seasons, although the mean maximum temperature was 1.0 
O
C lower than average 
at Horsham and North Star. 
Association analysis of population structure of locations revealed higher MTAs in 
group 1 followed by groups 2 and 3 which is consistent with the number of locations in each 
group (data not presented). Highest MTAs were identified at North Star 2010 (group 1) 
followed by Horsham 2008 (group 2) and Quirindi 2010 (group 3). North Star and Quirindi 
received sufficient rainfall in 2010 whereas the markers identified at Horsham in 2008 were 
more related to drought tolerance due to least rainfall. 
 The results of association analysis of the complete dataset are presented in graphical 
form (Figure 8.7) and the significant markers for grain yield (along with other traits) are 
labelled on the chromosomes (Appendix III, Figure 1). Figure 8.7 summarizes the association 
analysis results and the figure 1 (Appendix III) provides more information on chromosome, 
marker name and marker position (cM). The direction of associations is indicated in gradients 
of blue or red colour in the graph. The presence of a marker associated with a favourable 
phenotypic value is shown in blue, whereas the presence of a marker associated with poor 
phenotypic performance or smaller value is shown in red. The colour gradient indicates the 
strength of the association with a darker colour indicating a stronger association. 
 The association analysis indicated a strong genotype x location x year interaction. The 
markers found associated in one year are not necessarily associated at the same location in 
the following year. Across locations and years grain yield was significantly associated with 
different markers from 1-6 times. Nevertheless, there are clusters of markers that represent 
the same locus. More markers were found to be associated with yield in 2008 and 2010 under 
favourable conditions i.e. higher rainfall, although some drier locations had more MTAs 
possibly linked to drought tolerance in the selected advanced breeding lines. The selected 
genotypes (based on previous performance) were evaluated more extensively in 2010, and 
association analysis indicates that empirical selection was effective in transmitting the yield 
trait. 
Narrabri, Walgett and Wee Waa have similar latitude and these locations showed a 
similar trend with maximum associated markers were found  at both Narrabri and Walgett in 
2008, whereas far less were found in 2009 and 2010. This may reflect the drier 2009 season 
and the make-up of the selected set of genotypes evaluated in 2010. At this latitude it appears 
that better associations were found in favourable conditions i.e. uniformly distributed rainfall.  
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Figure 8.7. Marker trait associations (MTAs) for grain yield at different locations based on three years data from the AGT wheat yield trials. 
Negative associations are showed in red (i.e. the presence of the markers contributed to poorer phenotypic performance or smaller phenotypic value for neutral traits) and positive associations 
are showed in blue (i.e. the presence of the markers contributed to better phenotypic performance or larger phenotypic value for neutral traits). Increasing colour intensity shows the strength      
(-log10 probability) of the association (Arief 2010). 
Nar08, Narrabri 2008; Wal08, Walgett 2008; Bin08, Biniguy 2008;  NSto8, North Star 2008;  Par08, Parkes 2008; Hor08, Horsham (Victoria) 2008; Nar09, Narrabri 2009;  Wal09, Walgett 2009;  Bin09, Biniguy 2009;  NSt09, North Star 2009; 
Wee09, Wee Waa 2009; Qui09, Quirindi 2009; Hor09, Horsham 2009; Qld09, Queensland 2009; Nar10, Narrabri 2010; Wal10, Walgett 2010; Bin10, Biniguy 2010; NSt10, North Star 2010; Wee10, Wee Waa 2010; Qui10, Quirindi 2010; Pre10, 
Premer 2010; Walcr10, Walgett Crown rot 2010; Mca10, McAlister 2010; You10, Young 2010; Wag10, Wagga Wagga 2010; Hor10, Horsham 2010; Mea10, Meandarra 2010. 
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The heavy rains during July and August in 2010 probably increased sterility at these 
locations. In contrast the other locations with similar latitude such as Quirindi versus Premer 
and McAlister versus Young, showed entirely different numbers of associated markers in 
2010, even though rainfall was similar. The temperature differences between these pairs of 
locations and local soil differences may be responsible for the observed variation in 
association trends.  
The highest number of MTAs were identified at North Star (2008 and 2010) followed 
by Horsham (2008). However, the weaker associations with grain yield observed at certain 
locations reflects the similarity in genotype performance. There must be variation in both 
phenotypic data if significant associations are to be detected.  
Across 27 trial locations the DArT markers associated 17 times with grain yield on 
chromosome 1BS;  16 times on 2BS, 5BL and 6BS; 15 on 3BL; 14 on 3BS, 4AL and 4BS; 12 
on1BL, 2BL, 6AL and 7BL and 11 time on 5BS and 7DS. However, among the remaining 
chromosomes 2DS, 3AS, 4DS, 5DS and 7BS did not show any association with grain yield at 
any location. 
 The MTAs for grain yield were scattered over the whole wheat genome with the  
maximum number identified on the B genome (specifically 1B, 2B, 3B and 6B) whereas only 
a single marker each was found on 4D and 5D which is consistent with Crossa et al. (2007) 
who also reported few significant markers on both of these chromosomes. The significant 
markers located apart on the same chromosome indicate the contribution of at least two 
different loci on grain yield. 
 Many MTA blocks were identified for grain yield (Appendix III, Figure 1), e.g. 43 
markers covering 2.8-40.5 cM on 1BS; 7 markers covering 0.0-10.7 cM on 2AS; 53 markers 
covering 61.7-86.5 cM on 2BS; 24 markers covering 95.8-114.0 cM in 2DL; 17 markers 
covering 20.3-29.8 cM on 3BS. Similar observations were made on other chromosomes with 
the exception of 4D and 5D. 
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8.3.2 Diseases (Stripe rust, leaf rust and crown rot) 
8.3.2.1 Stripe rust 
8.3.2.1.1 Population structure of genotypes 
Genotypes were classified into four groups on the basis of phenotypic stripe rust data 
and into two groups based on marker data, the resulting dendrograms are presented in Figures 
8.8 and 8.5a. The four groups vary in number of genotypes allocated to each group: 116 
comprise the largest group (group 3, green) and 31 genotypes the smallest group (group 2, 
red) (Table 8.8). The stripe rust score of the genotypes in the smallest group 2 was highest 
(3.6), whereas the genotypes in the group 4 had the lowest score (1.9). The genotypes in both 
groups 3 and 4 have improved stripe rust resistance (Table 8.8).  
The cluster analysis on the basis of marker data allocated genotypes into two groups 
(Figure 8.5a). Group 1 with 220 genotypes has a higher stripe rust score (2.9) whereas group 
2 comprised of 79 genotypes has a comparatively lower score (2.4) (Table 8.8). For more 
information about these clusters please see the grain yield section. 
 
8.3.2.1.2 Population structure of locations 
 Genotypes were classified into three main groups based on the stripe rust data 
recorded at 12 locations over two years (Figure 8.9). The three groups are comprised of 2, 7 
and 3 locations, respectively. The genotypes in Group 1 had the highest stripe rust score (2.9) 
whereas the lowest (2.5) was observed in group 3 (Table 8.9). 
 
8.3.2.1.3 Association analysis of stripe rust 
 The genotypes were divided into groups to study the population structure based on 
stripe rust, molecular and location data and association analysis was conducted within every 
group of each data type. However, here the association analysis of the complete dataset is 
highlighted.  
 Association analysis of the four groups of the genotypes showed maximum significant 
MTAs in group 3 followed by group 4 (largest group). Both these groups had the lowest 
mean disease score (2.6/1.9). However, a variable number of MTAs were identified at 
different locations within each genotype group and the maximum was found for group 3 at 
Roseworthy and Narrabri during 2009 (data not shown).  
Association analysis of the population structure of locations showed highest MTAs in 
group 2 followed by groups 1 and 3 (data not presented). The higher number of MTAs in  
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Figure 8.8. Optimized dendrogram of genotypes based on two years of stripe rust data at 
multiple locations. 
 
 
 
 
 
 
 
 
Figure 8.9. Optimized dendrogram of locations/scores based on two years of stripe rust data. 
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Table 8.8. Population structure of genotypes based on stripe rust and marker data. 
Genotypes 
using 
Stripe rust 
No. of 
genotypes 
Mean stripe 
rust ± SD 
Genotypes 
using marker 
data 
No. of 
genotypes 
Mean stripe 
rust ± SD 
Group 1 96 3.3 ± 0.58 Group 1 220 2.9 ± 0.44 
Group 2 31 3.6 ± 0.87 Group 2 79 2.4 ± 0.36 
Group 3 116 2.6 ± 0.41 Total 299 2.6 ± 0.40 
Group 4 56 1.9 ± 0.29    
Total 299 2.8 ± 0.41    
 
 
 
Table 8.9. Population structure of stripe rust based on locations/scores. 
 Locations No. of locations/scores Mean stripe rust ± SD 
Group 1 2 2.9 ± 0.07 
Group 2 7 2.8 ± 0.37 
Group 3 3 2.5 ± 0.39 
Total 12 2.7 ± 0.18 
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group 2 also reflects the larger number of locations in that group. The highest number of 
MTAs was identified in group 2 at Roseworthy and Narrabri during 2009. The 2009 season 
was drier than average at Narrabri but an average season for Roseworthy.  
Association analysis based on the complete dataset is presented in Figure 8.10. For all 
diseases the blue colour indicates the desired phenotype i.e. low score. The increasing colour 
intensity shows the strength of the association. The significant markers for stripe rust are 
labelled on the chromosomes (Appendix III, Figure 1). The association analysis indicated a 
strong genotype x location interaction for disease expression. The maximum number of 
markers associated with stripe rust in 2009 was found at Narrabri and Roseworthy. These 
locations were effective in differentiating genotypes for stripe rust response whereas in yield 
trial at Narrabri and scores at Cobbitty reflect a similarity in phenotypic performance of the 
genotypes. The rust screening in yield trial location at Narrabri was conducted under low 
disease pressure as the primary aim was yield evaluation. 
The association analysis of the selected set of genotypes in 2010 showed that 
selection of genotypes based on rust response was effective in transmitting chromosomal 
regions associated with resistance. All the locations at Narrabri were effective in generating 
MTAs over the whole genome with the exception of the TOS (Time of sowing) block 
location where few markers were identified reflecting lack of phenotypic differences among 
genotypes. Likewise the early rust score at Cobbitty in 2010 failed to find phenotypic 
differences thus resulting in a lack of association with the disease. It also appears that the wet 
conditions in 2010 and comparatively low temperature at Cobbitty also delayed the 
appearance of the disease. Narrabri is a good location in northwestern NSW for the stripe rust 
screening if the disease inoculum is present.  
Based on  12 stripe rust scores  recorded over two years significant associations were 
observed 11 times on chromosome 3BS; 10 times on 3BL and 4AL; 9 on 1BS, 2AL and 5BL;  
8 on 1DL; and 7 times on 5AS, 6BS, 7AS and 7DL. However, chromosomes 2DS, 3AS, 3DS, 
4AS, 4BL, 4DS, 5DS, 6DS, 6DL and 7BS did not show any association with stripe rust 
resistance in this study. 
The MTAs for stripe rust resistance are widely spread across all chromosomes with 
the exception of chromosome 6D. Many significant markers were observed up to 8 times 
over the locations. The highest numbers of associated markers were identified on 
chromosomes 1B, 2B, 3B and 3D whereas only a single marker each was found on 4D and 
5D (Appendix III, Figure 1). Few significant markers were found on chromosomes 1D, 3A  
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Figure 8.10. Marker trait associations (MTAs) for stripe rust at different locations based on  two years data from  AGT wheat disease screening. 
Negative associations are showed in red (i.e. the presence of the markers contributed to poorer phenotypic performance or smaller phenotypic value for neutral traits) and positive associations 
are showed in blue (i.e. the presence of the markers contributed to better phenotypic performance or larger phenotypic value for neutral traits). Increasing colour intensity shows the strength      
(-log10 probability) of the association (Arief 2010). 
S1_09, Narrabri, Score 1; S2_09, Narrabri, Score 2; S3_09, Narrabri, Block I3 (Trial); S4_09, Cobbitty, Score 1; S5_09, Cobbitty, Score 2; S6_09, Roseworthy (SA); S1_10, Narrabri, Block I6 (Trial); S2_10, Narrabri, 
Block I4, replication 1; S3_10, Narrabri, Block I4, replication 2; S4_10, Narrabri, TOS Block; S5_10, Narrabri, Hydrant 10; S6_10, Cobbitty, Score 1. 
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and 5A. Likewise no or few markers were associated with stripe rust on the short arm of 
chromosomes 1A, 3A, 3D, 4A, 7A, 7B and 7D.  
Cluster of markers were associated with the stripe rust resistance at the same locus. 
For example, 16 markers were associated with stripe rust resistance at 81.3 cM on 
chromosome 2BS, likewise 20 markers were associated at 151.8 cM on 3DL. Many MTA 
blocks were also identified on different chromosomes that were associated with stripe rust 
resistance, i.e. a block of 17 markers covering 10.3-18.8 cM distance on 2A; 41 markers 
covering 79.0-89.7 cM on 2B; and 15 markers covering 115.5-125.2 cM on 3B.  
 
 
8.3.2.2 Leaf rust and crown rot 
8.3.2.2.1 Association analysis of leaf rust and crown rot 
 The results of association analysis of leaf rust and crown rot are presented in Figure 
8.11 and the significant markers for both diseases are labelled on the chromosomes in 
Appendix III, Figure 1. No significant marker was identified in the early leaf rust score in 
2009 as the genotypes did not discriminate well with respect to the appearance of the disease, 
whereas the second score identified significant MTAs throughout the genome with the 
exception of chromosomes 4D and 5D. In 2010 the selected set of genotypes were evaluated 
for leaf rust and little phenotypic difference was observed hence no associated markers were 
identified. This is largely the result of effective selection for resistance and very few if any 
susceptible genotypes were carried forward into 2010.   
 Out of four scores of leaf rust recorded over two years, 1DL was the only 
chromosome with positively associated markers in more than one assessment. However, this 
was influenced by a lack of phenotypic differentiation among three of the four leaf rust 
scores. The highest number of DArT markers associated with leaf resistance was identified 
on chromosomes 3B, 3D, 4A, and 6B. A single significant marker was found on 7B whereas 
no marker was associated with leaf rust on 4D and 5D. 
The maximum number of associated markers for crown rot resistance was observed 
during the dry season of 2009 in Narrabri nursery followed by the post-anthesis scored trial at 
Walgett. The screening of germplasm for crown rot resistance post anthesis was more 
effective than at maturity as more MTAs were identified. In 2010 the genotypes did not show 
much difference when scored early, however when the disease was scored at a later stage of 
plant development several MTAs were identified.  
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Figure 8.11. Marker trait associations (MTAs) for leaf rust and crown rot based on two years data from AGT wheat disease screening. 
Negative associations are showed in red (i.e. the presence of the markers contributed to poorer phenotypic performance or smaller phenotypic value for neutral traits) and positive associations 
are showed in blue (i.e. the presence of the markers contributed to better phenotypic performance or larger phenotypic value for neutral traits). Increasing colour intensity shows the strength      
(-log10 probability) of the association (Arief 2010). 
L1_09, Cobbitty score 1; L2_09, Cobbitty score 2; L1_10, Cobbitty score 1; L2_10, Cobbitty score 2; C1_09, Narrabri, Nursery, Score 1; C2_09, Walgett, Crown rot trial score; C3_09, Walgett, Crown rot trial maturity score; C1_10, Narrabri, 
Nursery, Score 1; C2_10, Narrabri, Nursery, Score 2. 
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Crown rot resistance was associated with DArT markers on chromosomes 1BS, 2DL, 
3AL and 5BL in four out of five scores recorded in two years. Similarly 1AS, 1BL, 2BS, 
3BL, 3DL, 5BS, 6AL, 6BS, 7AS and 7BL showed significant associations with 3 scores, 
1AL, 2AS, 2BL, 3BS, 4AS, 4AL, 5AS, 6DL and 7AL with 2 scores and 2AL, 3DS, 4BS, 
6AS, 7DS and 7DL with 1 score. MTAs for crown rot resistance are distributed over the 
entire wheat genome with the exception of chromosomes 1D, 4D and 5D. The highest 
number of markers associated with crown rot resistance was found on chromosomes 1A, 2D, 
7A and 7D.  
Many associated markers are identified for each disease (leaf rust and crown rot) and 
several MTA blocks were identified for leaf rust and crown rot (Appendix III, Figure 1). 
 
 
 
8.4 Discussion 
An attempt was made to study the marker trait associations in an applied breeding 
program by evaluating wheat genotypes (including parents and derived progeny) for grain 
yield, stripe rust, leaf rust and crown rot over three years. The results presented here show 
that a wheat breeding program can provide good quality phenotypic and genetic marker data. 
Pattern analysis of the phenotypic and marker data describes the relationships among 
genotypes resulting in grouping of genotypes giving rise to population structure. Arief (2010) 
suggested that population structure is important when gene discovery is the main objective of 
the study to avoid spurious associations; however this can also result in non-detection of true 
associations. The complete data were used for association analysis and described here to 
assess the contribution of each site. 
The germplasm was genotyped with high throughput Diversity Arrays Technology 
(DArT) and of the 1835 DArT markers used only a few (< 10) were not polymorphic in the 
genotypes evaluated. Of the polymorphic markers, 1402 were located on the final map, with 
473, 650 and 279 DArT markers located on genomes A, B and D, respectively. The 
significant markers on the various chromosomes ranged from 1 each on 4D and 5D to 152 on 
3B. 
Genome-wide association analysis was performed and significant trait-marker 
associations on different chromosomes were detected, i.e. Grain yield (21), stripe rust (20), 
leaf rust (19) and crown rot (18). In leaf rust and crown rot 4D and 5D chromosomes did not 
produce significant associations.  
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Recently identified QTLs/genes have been reported by various researchers for the 
traits under study, for example, grain yield (Bennett et al. 2012a, b; Mengistu et al. 2012; 
Patil et al. 2012; Zoric et al. 2012), stripe rust (Agenbag et al. 2012; Bai et al. 2012; Naz et 
al. 2012; Rosewarne et al. 2012; Vazquez et al. 2012), leaf rust (Ingala et al. 2012; 
Rosewarne et al. 2012; Singh et al. 2012) and crown rot (Ma et al. 2012a, b; Poole et al. 
2012). The first genome-wide association analysis study using DArT markers was reported 
by Crossa et al. (2007) in CIMMYT wheat germplasm. Several marker-trait associations 
were identified for grain yield and resistance to a number of diseases. More DArT based 
association studies were later reported by Arief (2010) on CIMMYT historic data and by 
Neumann et al. (2011) on the breeder’s core collection of winter wheat accessions. Large 
coincidence was not expected between these and our study as very different sets of 
germplasms were involved (Neumann et al. 2011). We report here a DArT association study 
conducted in an applied wheat breeding program for number of economically important traits 
and compared these findings with the results of previous studies. The individual 
chromosomes were compared with the published QTLs cited for that chromosome in Tables 
2 to 5 (Appendix III) with our marker-trait associations. The significant DArT markers for 
different traits were labelled on the chromosomes (Figure 1, Appendix III). Where the exact 
marker position was not given a comparison of these genes/markers was not possible.  
 
8.4.1 Association analysis for grain yield 
 In the present study, 793 (43%) DArT markers were significantly associated with 
grain yield. About 50 % of these significant markers are located on the B genome, 31% on 
the A genome and 19% on the D genome. A similar trend was reported by the Crossa et al. 
(2007). Higher number of significant markers was located on chromosomes 1A, 1B, 2B, 3B, 
6B and 7D, whereas single markers on chromosomes 4D and 5D were significantly 
associated with grain yield (Table 2, Appendix III). Several markers were associated in 
genomic regions already reported for the grain yield, nevertheless some new regions were 
identified these are discussed below:  
1. The location of some QTLs reported by Carter et al. (2011) and Yong-lu et al. (2011) 
on 1A coincide with MTAs with a difference of 1.4 and 0.49 cM, respectively, 
whereas others do not. Several locus identified by Fu and Somers (2011) were 
confirmed on 1AS and 1AL in the current study. New MTAs were identified on IAS 
(7.90 cM) and IAL (57.96, 68.25, 117.16, 125.40, 134.61 and 135.6 cM) either at 
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more than one location or detected by multiple markers (Table 2 and Figure 1, 
Appendix III). 
2. Most of the MTAs and QTLs reported on 1B were confirmed with the exception of a 
QTL for grain yield (QYld.aww-1B) found under water-limited conditions (Bennett et 
al. 2012a), due to a lack of distal markers on the chromosome. Many of the significant 
markers (wPt.3465, wPt.5678, wPt.5801, wPt.2315 and wPt.2526) reported by Crossa 
et al. (2007) were identified and other associations were detected by different 
markers. Some of the prominent genomic regions on 1B not reported earlier and 
observed at multiple locations were at a distance (cM) of 7.36 (marker cluster), 9.16 
(wPt.668076), 22.38 (wPt.8240), 29.59 (wPt.7242), 37.86 (wPt.0260) and 96.70 
(wPt.667092). However, only the QTL reported by McIntyre et al. (2010) was 
confirmed on 1DS and a previously unpublished significant association was observed 
at 88.53 cM (wPt.1445). 
3. Some associations were found in the 2AS region as reported by Crossa et al. (2007) 
and Reif et al. (2011). A cluster of markers detected the grain yield QTL (QYld.aww-
2A) on 2AL reported by Bennett et al. (2012a) under water-limited conditions at 94.0 
cM distance. New MTAs on 2A are identified at more than one location at a distance 
(cM) of 0.0 (wPt.5738), 20.52 (wPt.7187), 63.55 (wPt.1142), 98.53 (cluster of 
markers) and 110.15 (wPt.1480). 
4.  MTAs were identified on 2B close to the region reported by Crossa et al. (2007) and 
Fu and Somers (2011). The QTLs on 2B reported by Bennett et al. (2012a) under 
water-limited conditions (at 62.0 cM) and Marza et al. (2006) at multiple sites (at 3.0 
cM) were detected by the marker wPt.6199 (61.72 cM) and a cluster of markers (4.21 
cM), respectively. New associations on 2B were identified at multiple locations, 
including those at a distance (cM) of 6.19 (tPt.1663 and wPt.8918), 14.59 (wPt.3949), 
51.42 (wPt.3561), 74.64, 81.34, 89.18 (cluster of markers) and 119.17 (wPt.1454). 
5. No MTAs were found on 2DS and 3AS and the analysis failed to detect most of the 
published associations. However, MTAs were found in the region on 2DL where the 
QTLs, (QYld.crc-2D) and (QYld.aww-2D) were reported by Cuthbert et al. (2008) and 
Bennett et al. (2012a). Among the reported QTLs, a single association was found near 
QYld.aww-3A reported by Bennett et al. (2012b) on 3AL under drought conditions. 
Prominent MTAs were identified at multiple locations on 2D at a distance of 71.30 
cM (wPt.733741), 86.50  cM (marker cluster ) and 95.84-103.65 cM (large number of 
markers) and on 3A at a distance (cM) of 48.16 (wPt.7890, wPt.1353), 98.85 
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(wPt.2910, wPt.4692), 200.74 (wPt.0147) and 210.08-213.83 (marker cluster) 
representing some unexplored genomic regions for grain yield. 
6. Significant marker trait associations overlapped with QTLs reported on 3B (Cuthbert 
et al. 2008; Maccaferri et al. 2008b; Kun-Pu et al. 2009) and 3D (Kuchel et al. 2007). 
Some unreported MTAs are found at a distance (cM) of 24.90, 29.81, 75.08, 123.3, 
125.15 and 130.29 on 3B and at 0.0, 26.27, 151.80, 160.15 and 166.42 on 3D at 
multiple sites. 
7.  MTAs were detected in the regions where QTLs (Marza et al. 2006; Kirigwi et al. 
2007; Kuchel et al. 2007; Mathews et al. 2008) and marker associations (Crossa et al. 
2007; Fu and Somers 2011; Neumann et al. 2011) were reported on 4A, 4B and 4D. 
MTAs were identified at a distance (cM) of 62.11 (wPt.730387) and 104.86 (marker 
cluster) on 4A and at 4.29 (wPt.1931), 63.15 (wPt.7569) and 68.08-68.78 (marker 
cluster) on 4B. 
8. The QTLs reported on 5A and 5B by Marza et al. (2006) and Kuchel et al. (2007) 
were confirmed, whereas the equivalent marker associations reported by Crossa et al. 
(2007), Fu and Somers (2011), Neumann et al. (2011) and Reif et al. (2011) on the 
same chromosomes were  partially confirmed. Novel MTAs were detected at a 
distance (cM) of 36.81 (cluster of markers) on 5A, at 28.23 (wPt.5175 and 
wPt.665267), 98.54 (wPt.2707 and wPt.6191), 154.44 (wPt.6971), 156.36 (wPt.4551 
and wPt.666215) and 163.25 (wPt.731740) on 5B and at 86.34 (wPt.5505) on 5D. 
9.  MTAs were found in the regions of reported QTLs (Marza et al. 2006; Mathews et 
al. 2008; Kun-Pu et al. 2009; McIntyre et al. 2010; Yong-lu et al. 2011) and some of 
the associated markers (Crossa et al. 2007; Fu and Somers 2011; Neumann et al. 
2011) on 6A, 6B and 6D. New MTAs are identified at multiple locations at a distance 
(cM) of 22.79 (wPt.3605), 89.76 (marker cluster), 104.08 (wPt.9976 and wPt.667607) 
and 107.76 (cluster of markers) on 6A, at 12.83 (wPt.4564), 14.25, 15.92 and 54.33 
(marker cluster) on 6B, and at 132.50 (wPt.731329 and wPt.733067) on 6D. 
10. Grain yield QTL on 7A identified by Kumar et al. (2007) at 186.71 cM and by 
Bennett et al. (2012a) at 138 cM under water-limited conditions were closely 
associated with the markers in this study. MTAs confirmed the marker associations of 
Neumann et al. (2011) and Reif et al. (2011) on 7A. The QTLs reported by Marza et 
al. (2006), Narasimhamoorthy et al. (2006) (QYld.ksu-7D, at distal end) and Yong-lu 
et al. (2011) coincide with MTAs observed in this study on 7D. New MTAs are found 
at a distance (cM) of 10.04 (tPt.6794), 13.08 (wPt.740561 and wPt.742244) and 
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164.50 (wPt.0494, wPt.2316) on 7A, at 163.89 (wPt.1826) and 219.97 (wPt.0465) on 
7B and at 1.63 (marker cluster) and 37.25 (wPt.1100 and wPt.3328) on 7D. 
The IBL.IRS and 7DL.7Ag translocations from Secale cereale L. and Agropyron elongatum 
(Host) Beauv., respectively, are reported to  increase grain yield (Carver and Rayburn 1994; 
Singh et al. 1998) may be present in the tested material as revealed by the significant marker 
associations for grain yield observed on  1BL and 7DL. Dwarfing genes are associated with 
higher grain yield in  short stature wheats (Trethowan et al. 2007) but Rht8 and Rht-2 are not 
detected in this study whereas the MTAs found on  4BS likely explain the presence of the 
Rht-1 gene. The importance of photoperiod insensitivity (Ppd), vernalization (Vrn) and 
earliness per se (Eps) genes on grain yield were discussed by the Crossa et al. (2007). These 
genes (Table 2, Appendix III) are likely to be present in the germplasm tested as the 
chromosomal regions bearing these genes are significantly associated with markers for grain 
yield with the exception of Ppd1, Vrn-A1, Vrn-A3, and Vrn-4. 
 
8.4.2 Association analysis for stripe rust 
 In the present study, DArT markers were found to be associated with stripe rust on all 
chromosomes with the exception of 6D. Crossa et al. (2007) also reported no stripe rust 
associations on 5D and 6D. Currently several MTAs were found in the regions where stripe 
rust genes or QTLs were reported previously. In previous studies stripe rust resistance genes 
were reported on all chromosomes with the exception of 3A, 6D and 7A, whereas no QTLs 
were reported for 1AS, 1DL, 3DL and 6DL yet (Table 3, Appendix III). 
Seedling stripe rust resistance genes (Yr1, Yr2, Yr3, Yr4, Yr5, Yr7, Yr9, Yr24, Yr26, 
Yr27 and Yr34) and adult plant resistance genes (Yr17, Yr18, Yr29, Yr30 and Yr39) among 
several others were present in the material tested as revealed by the significant marker-
resistance associations in the reported regions. Many of these genes were reported to be 
present in CIMMYT germplam (Crossa et al. 2007). It is likely that these genes have also 
been introgressed into the material used in the present study, as the CIMMYT lines Opata, 
URES, Kauz, Pastor and some synthetic genotypes were used as parents.  
In the present study, no MTAs were found on 2DS, 3AS, 3DS, 4BL, 4DS, 5DS, 6DS, 
6DL and 7BS (Table 3 and Figure 1, Appendix III). Accordingly the genes on these 
chromosome arms i.e. Yr6, Yr16, Yr28, Yr40; Yr50 (Liu et al. 2012), YrKat and YrCK 
(Bariana et al. 2001) and YrAS2388 (Huang et al. 2011) were not expected to be present or 
not effective against the Pst patotype used in this study. Crossa et al. (2007) also found no 
associated markers on 2DS, 5DS, 6DS, 6DL and 7BS. 
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The rust resistance genes transferred from alien sources into common wheat (as 
explained below, McIntosh et al. 1995, 2011) are expected to be present in the tested material 
as shown by the significant MTAs. For example, Yr8 (Triticum comosa), Yr9 (Secale 
cereale), Yr15 (T. dicoccoides G-25), Yr17 (T. Ventricosa), and Yr26 (Haynaldia villosa 
(Daspyrum villosum)) on chromosomes 1D, 1BL, IBL, 2AS and 1BS, respectively. The 
undetected genes, i.e. Yr28 (T. Tauschii W-219) and Yr40 (Aegilops geniculata) on 4DS and 
5DS, may have been lost during the selection process or the lack of association may be 
attributed to poor marker D-genome coverage.  
Yr45 mapped on 3DL confers stripe rust resistance and was recently identified in a 
common spring wheat genotype PI 181434 from Afghanistan (Li et al. 2011), hence it is 
unlikely to be present in our material. Thus the large number of DArT markers significantly 
associated with stripe rust on the distal region of 3DL may indicate the presence of unknown 
stripe rust resistance genes/alleles.  
Several MTAs were associated with the Yr38 gene located on 6A which was 
transferred into wheat from Aegilops sharonensis (Marais et al. 2006). The adult plant 
resistance gene Yr18 was likely  detected by DArT markers wPt.3328 or wPt1100 (Crossa et 
al. (2007) and we found both markers to be associated with stripe rust resistance at almost the 
same position thus confirming the presence of this gene in our material. Ren et al. (2012a) 
recently mapped a new high-temperature adult plant resistance (HTAPR) gene Yr52, on the 
distal region of 7BL in the spring wheat genotype PI 183527. This gene may not be present in 
our material due to its recent detection; nevertheless we found several significant marker- 
associations at the distal regions which may indicate new alleles for stripe rust resistance. 
QTL were compared with our significant associations where the position (cM) on the 
chromosome arm was known. Bariana et al. (2010) identified QTL for adult plant stripe rust 
resistance in the Australian cultivars Janz and Kukri. The comparison was interesting as both 
of these cultivars were used in the development of the material under study and Janz was also 
included as a check cultivar. The reported QTLs on 2AS, 3BS, 5BL, 6BS and 7DL were 
confirmed by significant marker-resistance associations in these regions. These markers were 
different to those reported by Bariana et al. (2010), with the exception of one marker on 7DL.  
Two other QTL on 1AL and 1BL were not detected at their mapped positions in this study. A 
major adult plant stripe rust resistance QTL (QYr.sgi-4A.1) was detected by Prins et al. 
(2011) from greenhouse and field grown plants and the same QTL interval, wPt.0538-
wPt.1961, was confirmed with the same DArT markers at an interval of 84.78-104.60 cM 
where a large number of significant associations were detected. 
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The QTLs reported for stripe rust resistance on chromosomes 1B, 1D, 2A, 2B, 3B, 
4B, 5B, 6A, 6B, 7B and 7D (Borner et al. 2002; Eriksen et al. 2004; Ramburan et al. 2004; 
Mallard et al. 2005; Christiansen et al. 2006; William  et al. 2006; Santra et al. 2008; Carter 
et al. 2009; Lin and Chen 2009; Zwart et al. 2010; Hao et al. 2011; Lowe et al. 2011; 
Agenbag et al. 2012; Naz et al. 2012; Paillard et al. 2012; and Singh et al. 2012) were 
compared and significant MTAs close these regions were observed. As mentioned by the 
authors of these QTLs these regions correspond to the known genes Yr1, Yr7, Yr17, Yr18, 
Yr25, Yr29, Yr30, Yr32 and Yr46. 
The results of the present study were also compared with the marker-trait associations 
reported by Crossa et al. (2007). MTAs were verified at or in the vicinity of the reported 
positions using both similar and different DArT markers. For example, the associations 
verified at the reported positions (cM) with different DArT markers were: 1A (2.30, 12.40 
and 23.60); 1B (11.40 and 14.60); 1D (63.30, 81.90 and 82.00); 2A (7.50, 7.90 and 68.30); 
2B (All); 3B (61.40, 69.50 and 113.70); 4B (104.40); 5B (62.70, 75.90, 77.0 and 181.80); 6A 
(3.90, 9.90, 20.70, 38.0 and 51.90) and 6B (36.80). The associations which were verified with 
same markers but at different positions (cM) are presented in Table. 8.10. 
The comparison of marker-trait associations in the present study and those reported in 
publications mentioned in Table 3 (Appendix III) resulted in the identification of known 
genes and QTLs (as discussed above) and new associations as on 1DL (wPt.3855 = 21.39 
cM), 3AL (wPt.1111 = 60.25 cM; wPt.2740 = 132.74 cM; wPt.5476 = 206.89 cM; wPt.5263 
= 208.67 cM and wPt.8741 = 211.69 cM) and 3DL (marker cluster = 150.11, 151.80, 153.88, 
155.195; 160.15 and 166.42 cM). In contrast, Crossa et al. (2007) did not find any significant 
marker associations on 3DL. Hence the cluster of associated markers found in this study at an 
interval of 150.11 - 166.42 cM may indicate a new stripe rust resistance gene.  
 
8.4.3 Association analysis for leaf rust 
 More than 50 leaf rust resistance genes have been catalogued in hexaploid wheat 
(Crossa et al. 2007). Many of these are present in CIMMYT germplasm and some of this 
germplasm was used in the development of the material under study. In the present study no 
marker-trait associations for leaf rust were found on 1DS, 3AS, 4BL, 4DS, 4DL, 5DS, 5DL, 
6AS, 6DS, 7BS and 7DS (Table 4 and Figure 1, Appendix III). Associations were also absent 
on these and many other chromosomes in the genome-wide association study conducted by 
Crossa et al. (2007) with the exception of 5DS and 6AS.  
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Table 8.10. The DArT markers and positions for stripe rust resistance reported by Crossa et 
al. (2007) and the positions found in the present study. 
Chromosome DArT marker Position (cM) Position (cM) 
 (Crossa et al. 2007) (Present study) 
1A wPt.8016 90.80 125.40 
1B wPt.5678 27.70 40.49 
 wPt.2305 46.80 57.23 
2A wPt.2087 82.80 18.83 
 wPt.6207 Uncharacterized 18.83 
2B wPt.9350 91.90 76.60 
 wPt.0047 106.30 111.90 
 wPt.3378 113.60 122.4 
3B wPt.0995 44.00 136.87 
 wPt.4209 44.40 57.14 
 wPt.5390 46.20 58.38 
 wPt.9170 49.40 56.53 
 wPt.5105 53.00 56.53 
4A wPt.2084 161.10 87.86 
 wPt.3795 161.40 87.86 
 wPt.7807 161.70 87.86 
4B wPt.8650 7.80 22.61 
5B wPt.4418 Uncharacterized 138.17 
6A wPt.7063 77.80 43.15 
7B wPt.0504 143.90 219.35 
7D wPt.3328 41.40 37.25 
 wPt.1859 Uncharacterized 116.90 
 
 
The leaf rust resistance genes transferred into the cultivated wheat from different 
genera (compiled below from McIntosh et al. 2005, 2011) are expected to be present in the 
current study as revealed by the significant marker- associations with resistance reported on 
various chromosome arms. These genes are: Lr9 (Aegilops umbellulata); Lr28, Lr35, Lr36 
and Lr47 (Ae. speltoides); Lr37 (Ae. ventricose); Lr25 and Lr26 (Secale cereale); Lr21, 
Lr22a, Lr32, Lr39, Lr40, Lr41, Lr42 and Lr43 (Triticum Tauschii); Lr44 and Lr53 (T. spelta, 
and T. dicoccoides); Lr18 and Lr50 (T. timopheevii); Lr29 and Lr24 (Thinopyrum ponticum) 
and  Lr38 (Th. intermedium). Similarly several other genomic regions where known genes 
were previously reported were positively associated. Durable leaf rust resistance is conferred 
by slow rusting resistance genes Lr34 and Lr46, and the significant DArT markers were also 
detected in the regions where these and other genes, LrG6, LrSV7 and LrSV2 (Ingala et al. 
2012), and LrZH84 (Zhao et al. 2008) were located (Table 4, Appendix III).  
The genes from alien sources, i.e., Lr19, Lr57 and Lr63 (Th. ponticum, Ae. geniculata 
and T. monococcum, respectively), and a few other genes, i.e. Lr1, Lr30, Lr49 and Lr67 were 
not expected to be present in the current study and this was confirmed by the lack of marker- 
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associations in their reported chromosome regions. Crossa et al. (2007) did not detect Lr19 
on 7DL in their study due to poor saturation of arm. 
The QTLs (Table 4, Appendix III), where the marker chromosome positions were 
known were compared with the results of the current study. The significant markers were 
identified close to or in the vicinity of the QTLs reported by Messmer et al. (2000), Borner et 
al. (2002), Schnurbusch et al. (2004a), Marza et al. (2006), William et al. (2006), Naz et al. 
(2008), Chu et al. (2009), Li-jun et al. (2009), Singh et al. (2009), Fu and Somers (2011) and 
Singh et al. (2012). No MTAs were detected at the positions of the QTLs reported by other 
authors cited in Table 4 (Appendix III). 
Prins et al. (2011) detected QTLs for seedling and adult plant resistance on 6B at the 
QTL intervals ksm25m50b-wPt8721 and wPt1325-wPt3045 (proposed gene Lr3bg). In our 
study the DArT markers wPt8721 and wPt1325 were located at 50.58 and 101.59 cM, 
respectively. This association also suggested the presence of Lr3bg.  
The results of the current study were compared with the DArT studies reported by 
Crossa et al. (2007) and Neumann et al. (2011). Few of the significant associations reported 
by Crossa et al. (2007), i.e. 1A (28.80, 41.50 and 90.80 cM); 1B (11.70, 28.30, 30.70, 32.30, 
46.80 and 75.80 cM); 1D (63.30 cM); 3B (68.90 and 69.5 cM); 3D (3.90 cM); 6B (87.50 cM) 
and 7D (0.00 cM) were found at or in the vicinity of the reported positions. However, 
different DArT markers on 1B (wPt.3465, 14.25 cM) and 2B (wPt.0049, 116.0 cM) were 
verified in the reported regions at 14.25 and 119.53 cM, respectively. The uncharacterized 
marker (wPt.7924) on 4A (Crossa et al. 2007) was mapped at 64.33 cM in the current study. 
We also found five of the nine significant associations reported by Neumann et al. (2011) 
including one with the same DArT marker (wPt.2424, 96.1 cM), but at a different position 
(58.7 cM) on the 6B chromosome. 
The comparison of our results with the publications listed in Table 4 (Appendix III) 
confirmed the lack of  genes previously reported on chromosomes 3BL, 4DS, 5AS, 5AL, 
6AS, 6AL and 7BS. However, significant marker- associations not reported earlier were 
detected on 5AS (wPt.9887 = 36.56, wPt.0958 = 42.30 and wPt.800634 = 42.70 cM); 5AL 
(wPt.1038 = 111.47 cM) and 6DL (wPt.741831 = 121.41 and wPt.3502 = 122.85 cM). These 
regions indicate the possible presence of new leaf rust resistance genes or alleles on these 
chromosomes. 
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8.4.4 Association analysis for crown rot 
 Breeding crown rot resistance by pyramiding QTL is the objective of various wheat 
improvement programs around the globe. This disease is of major significance to wheat 
cultivation in Australia (Bovill et al. 2006). In the current study, significant genetic 
variability was observed for plant response to crown rot. The highest number of DArT 
markers associated with crown rot resistance was detected on chromosomes 1A, 2D, 7A and 
7D.  In contrast, no associated markers were identified on 1D, 4D and 5D (Table 5 and Figure 
1, Appendix III). 
 In this study, some of the DArT markers significantly associated with crown rot were 
located on the same chromosome arms as previously reported QTL (Collard et al. 2005; 
Collard et al. 2006; Liu et al. 2011; Ma et al. 2012a). Bovill et al. (2006) detected QTL on 
2BS, 2DL and 5DL for seedling stage crown rot resistance. We also found a significant 
marker association on 2BS at one of the reported QTL positions. More QTL for seedling 
resistance were reported by Bovill et al. (2010) on 1DL, 3BL, 4BS, 7AS, 2B, 3B, 5B, 5D and 
6B. Among these significant marker- associations were detected on 3BL, 4BS and 7AS at or 
close to the reported QTL positions, whereas the remaining chromosomes were positive with 
the exception of 1DL where no MTAs were detected. Li et al. (2010a) identified QTL on 
3BL at 136.4-141.3 and 139.3-145.2 cM with the closest DArT markers being wPt.1151 and 
wPt.1834, respectively in multiple trials. In present study, the closest significantly associated 
marker identified on 3BL was wPt.4412 at 135.5 cM distance. No MTAs were observed at 
the position (142.7-160.0 cM) of another QTL reported by Li et al. (2012a) on 3BL. 
Furthermore, additional QTL on 3BS and 3BL were identified by Poole et al. (2012). 
Marker- associations were detected close to one of the reported QTL on 3BS and close to 
four of the nine reported QTL on 3BL. One of the DArT markers (wPt.0021) on 3BL was 
detected close to the reported position (123.5 cM, our position 105.66 cM).  
The comparison of the results of this study and the publications reported in Table 5 
(Appendix III) suggest that marker-resistance associations on chromosomes 1AS, 1BS, 1BL, 
2AL, 2BL, 2DL, 3AL, 3DS, 3DL, 4AS, 4AL, 5AS, 5BS, 5BL, 6AS, 6AL, 6BS, 6DL, 7AS, 
7AL, 7BL, 7DS and 7DL contain regions affecting crown rot that have not been reported 
previously. The DArT markers linked to the new genomic regions are presented in red (Table 
5, Appendix III). Among the significant marker trait associations some of the most prominent 
were observed on 1BS (30.63cM, tPt.8929); 2DL (95.84-103.65 cM, 19 markers); 3AL 
(98.85 cM, 5 markers); 4AL (98.35 cM, wPt.115 and wPt.4424); 5BL (98.54 cM, wPt.2707 
and wPt.6191); 3DL (160.155 cM, 7 markers); 6DL (131.03-133.97 cM, 4 markers) and 7DS 
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(1.60-1.90 cM, 36 markers and 4.45-5.09 cM, 8 markers). These loci, represented by multiple 
markers at the same position or marker clusters may indicate the presence of unknown 
resistance genes. 
 
 
8.4.7 Conclusion 
Genome-wide association analysis is a relatively a new approach that is becoming 
more popular in wheat genetics. The present study emphasizes the value of data generated in 
an applied breeding program in revealing marker trait associations. It has been observed that 
in a breeding population each trait was associated with many markers. Some of the 
associations in this study were detected in genomic regions where the genes or QTL were 
previously reported. However, many new associations were detected in the breeding program 
germplasm and some of these  can be used for marker assisted breeding, although caution 
must be exercised as many of the associations appear to be  environment specific which will 
limit their utilization across different regions. Nevertheless, identification of genomic regions 
associated with a favourable phenotypic trait specific to geographic region can be of great 
practical use within regionally focused cultivar development programs (Carter et al. 2011). 
On-the-other-hand, combining these regionally specific QTL can help breeders develop 
broadly adapted germplasm for the trait in question. The new loci identified here provide 
opportunities for further wheat crop improvement through the marker approaches (Neumann 
et al. 2011). 
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9. General discussion 
 
Trait based plant breeding could have an advantage over conventional breeding in the 
improvement of grain yield. Conventional breeding is usually based on the direct selection of 
yield which often has low heritability whereas breeding based on target or component traits 
with higher heritability can be much more effective. This study followed a trait based 
approach to identify high yielding and water use efficient genotypes in experiments 
conducted in diverse environments in different years. There is great interest in increasing 
WUE to conserve soil moisture and improve grain yield as future climate change could limit 
crop productivity even on soils with high water storage capacity (Nagesh 2006).  
This study aimed to identify sources of genetic diversity in WUE and grain yield and 
the contributing traits that can be used as selection criteria in wheat breeding programs. An 
examination of the genomic regions related to improved grain yield and key wheat disease 
resistances in an applied wheat breeding program using association analysis was also 
conducted. The present study investigated physiological and genetic basis of improved wheat 
adaptation in northwestern NSW and provides improved and better understanding for 
unravelling various mechanisms explaining this adaptation as discussed below. 
 
9.1 Water use and water use efficiency 
 Water use efficiency is important both for water limiting and non-limiting 
environments as this attribute confers plasticiy thereby allowing the plant to adapt to the ever 
changing environment, particularly the unpredictable rains. In this context genetic diversity 
for water use and water use efficiency (dry matter and grain) of diverse wheat genotypes was 
evaluated for three consecutive and contrasting years at Narrabri.  
The environment influenced total available water, genotype water use and genotype 
water use efficiency (chapter 3). No differences were observed among genotypes for soil 
water extraction due to limited water availability in dry environment of 2009, whereas in all 
other environments with more available water the differences were significant. Genotypes 
also varied in their water extraction at different depths in different environments. In general, 
the pattern of water extraction across all environments was similar; soil water was extracted 
rapidly from the top 30 cm, whereas the water content at 50 cm depth showed a gradual 
decrease. In the later stages of growth a sharp decline in water content was observed at 50 cm 
indicating root activity at this depth. 
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The high water use observed in 2010 was attributed to the higher in season rainfall; 
however this did not result in more biomass and grain yield compared to environments that 
used significantly less water. This demonstrates the inability of genotypes to use excess water 
efficiently for plant development and the greatest water use was observed in the post-anthesis 
period at dough stage. The later flowering genotypes also tended to use more water thus 
confirming the findings of Lopez-Castaneda and Richards (1994). 
Higher water use efficiency (WUE) was observed in the environments with 
comparatively lower rainfall (2009 and 2011) than the environments with higher precipitation 
(2010). This study also supports  the findings of Gregory (2004) that WUE was greater on 
high clay soil (due to less evaporative demand) with frequent rain showers as observed in 
2011,  compared to the more sandy soil at the 2009 site.  
The superior WUE genotypes were all synthetic derived (2, 4, 5, 6 and 10) whereas 
the least efficient were the released cultivars Envoy, Spitfire, Sunco and Sunvale. These 
synthetic derivatives were developed by crossing primary synthetics (durum wheat x 
Aegilops tauschii) with adapted hexaploid wheat genotypes. The higher water use efficiency 
of synthetic cultivars resulted in higher grain yield. The improved WUE of these synthetics 
was also attributed to their improved root architecture including increased partitioning of root 
mass deep in the soil profile and increased capacity to extract water from these depths 
(Reynolds et al. 2007b).  
The present study found that higher water use was not associated with higher WUE 
and or grain yield, which was likely influenced by the comparatively cool years with lower 
evapotranspiration rate than the long-term average experienced during the study period. 
However, the strong relationship observed among WUEDM-Maturity, WUEGrain and grain 
yield confirms previous reports (Zhang and Oweis 1999; Zhang et al. 2010). These findings 
indicate that higher yielding cultivars have the potential to improve WUE thus resulting in 
water saving. 
The current study accounted for soil water use up to 50 cm depth. However, 
measurements deeper in the soil profile may have influenced the observed genotypic 
variation in WUE. 
 
9.2 Above ground traits 
Significant genetic variability was observed for all the traits studied over time 
(chapter 4). The significant G x E interactions found in the current study was also reported by 
several researchers for different traits in wheat (Dhanda and Sethi et al. 2002; Reynolds et al. 
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2007a; Sanchez-Garcia et al. 2012). The overall trait means of a number of agronomic traits 
was higher in E4 due to higher rainfall resulting in more vegetative growth, whereas harvest 
index was greater in the favourable but less wet E6 and E5. Similar grain yield was observed 
among E4-E6 and the lowest recorded in dry environment E2. During 2009, synthetic derived 
(SYN-DER) genotypes (2, 3, 4, 5 and 6) and the cultivar Crusader produced higher grain 
yield under both high and low moisture (rainfed) environments confirming the hypothesis 
that some high yielding genotypes grown under supplementary irrigation can also be high 
yielding under rainfed conditions (Mosaad et al. 2007). The SYN-DER genotypes 2, 4, 5, 6, 
10 were generally the highest yielding across environments; a finding that agrees with 
previous reports (Dreccer et al. 2007; Ogbonnaya et al. 2007; Reynolds and Trethowan 
2007).  
The significant observed G x E interaction indicated that growing season had a 
substantial effect on trait expression. In adequate moisture, genotypes with longer vegetative 
periods, higher biomass and higher tiller numbers tended to use more water by maturity; 
however this response was not consistent over environments. In contrast, the later developing 
genotypes, taller in stature with more anthesis biomass used less water at anthesis in E5. 
Overall, higher water use was not significantly associated with higher mean values of 
agronomic traits, thus indicating that high yielding wheat germplasm that requires less water 
can be developed. 
Crop phenology is considered to be an important characteristic conferring adaptation 
in water stressed environments (Richards 1996; Villegas et al. 2000). Appropriate phenology 
can help the plant to avoid peak periods of moisture stress.  In the current study, heading time 
was significantly associated with WUEDM-Maturity, WUEGrain and grain yield indicating the 
importance of earliness on these attributes in both dry and wet environments. In 
Mediterranean environments, terminal drought develops at late vegetative and grain filling 
stages (Loss and Siddique 1994), under these conditions earliness helps the plant escape 
drought  thus  ensuring  the growth cycle is completed before  the onset of severe stress. 
The association of superior grain yield with higher biomass and harvest index 
observed in this study has been reported by Reynolds et al. (2005b), Foulkes et al. (2007), 
Reynolds et al. (2007a) and Rebetzke et al. (2011; 2012b). The testing of material under 
rainfed conditions is suggested to be necessary to accumulate alleles for drought tolerance in 
breeding germplasm (Mosaad et al. 2007). In the dry environment of 2009, reduced tillering 
genotypes tended to yield better than profusely tillering genotypes; an observation supported 
by earlier work (Duggan et al. 2000; Brisson et al. 2001). The better performance of some 
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genotypes under water stress indicates that genetic variation for maintenance of grain yield 
under limited moisture exists in the germplasm evaluated. The synthetic genotypes had 
higher biomass at maturity and lower number of tillers which resulted in greater yield. The 
lower grain yield of some genotypes, e.g. LPB05-271, Sunco and Sunvale, reveal their 
reduced ability to convert dry matter into grain yield.  
The efficiency of selection for grain yield may be increased by indirect selection for 
physiological traits that are associated with grain yield. In the current study, NDVI was used 
to estimate biomass differences between treatments (Babar e al. 2006) and genotypes. NDVI 
increased with plant growth and the highest score was observed at booting and anthesis after 
which it declined. Overall, NDVI measured during grainfilling was found to be strongly 
associated with biomass. The current study identified NDVI as an important trait that can be 
used to simultaneously improve WUE and grain yield in wheat. 
Genotypes with maximum chlorophyll content at anthesis tended to be the highest 
yielding. A similar relationship was reported by Reynolds et al. (2001a) during grainfill in 
wheat. The lower canopy temperature depression (CTD) of some genotypes indicated their 
ability to maintain adequate transpiration resulting in a cooler canopy. The SYN-DER 
genotypes used soil water more efficiently resulting in cooler canopies and subsequently 
higher grain yield. A very strong relationship between post anthesis CTD and grain yield was 
reported in wheat (Reynolds et al. 1998). Due to the high heritability of CTD and relatively 
strong associations with WUE and grain yield it is clear that this trait can be used as an 
indirect selection tool for yield improvement in northwestern NSW.   
The screening of wheat germplasm with high throughput (digital) ground cover 
analysis revealed significant genotypic differences in early canopy cover (early vigour). 
Mullan and Reynolds (2010) suggested this could be a potential trait to improve the yield of 
rainfed wheat by reducing soil water evaporation. The ground cover recorded at an early 
stage was significantly associated with WUE and grain yield, an observation supported by 
Richards et al. (2001; 2002). The significant associations between earliness, NDVI and 
canopy cover found in this study supports the use of canopy cover  as a fast indirect selection 
criterion for  screening vigorous genotypes during early growth to improve WUE and grain 
yield. 
 G x E interaction was found to be significant for most leaf traits. Leaf area reduced 
significantly in dry environment (E2) which was confirmed by previous findings (Condon 
and Richards 1992; Foulkes et al. 2001). Leaf traits showed some association with WUE and 
grain yield. Selection for early leaf area development using leaf breadth as a surrogate to 
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improve seedling vigor has been suggested in wheat (Richards et al. 2002). In the current 
study glaucousness was strongly correlated with WUE and grain yield; an observation 
supported by other authors under water limited conditions (Richards et al. 1986; Qariani et al. 
(2000). Leaf micro-elements were also found to play an important role in plant development 
and ultimately grain yield. Significant genetic variability was identified for these elements 
and some were linked with phenology (late maturity) and water use. Results showed that leaf 
micronutrients can be manipulated through breeding. However, the lack of association with 
grain yield reduces the relevance of assessing these elements in environments that are not 
nutrient deficient. 
Selection of WUE genotypes based on genetic differences in leaf WUE and related 
traits will greatly improve grain yield in water-limited environments (Baodi et al. 2008). All 
the gas exchange parameters studied during 2009 and 2011 showed significant genotypic 
variation. Genotype 3 had higher leaf intrinsic WUE during 2009 due to higher 
photosynthetic rate and low conductance. In the current study, higher conductance was 
associated with lower leaf intrinsic WUE. The genotypes with higher gas exchange attributes 
showed positive association with biomass at maturity, WUE and grain yield. Leaf intrinsic 
WUE was positively correlated with WUEGrain, an observation supported by van den 
Boogaard et al. (1997) in wheat. Leaf intrinsic WUE was found to be the major contributor 
(32% variation) to grain yield.  
In the subset of materials tested in 2011, stomatal conductance decreased more than 
the photosynthetic rate with the progress of the season (and growth stage) thus resulting in 
higher leaf intrinsic WUE. The highest yielding genotypes were those with the highest leaf 
intrinsic WUE and lowest stomatal conductance and Ci/Ca. The highly significant association 
between photosynthetic rate and stomatal conductance found in this study supports the 
observations of Monneveux et al. (2006) under rainfed conditions in wheat. The increase of 
both these parameters decreased the leaf intrinsic WUE but increased WUE and grain yield 
under field conditions. In water-limited environments, low stomatal conductance and high 
leaf intrinsic WUE can result in higher grain yield; a finding supported by Barbour et al. 
(2010). 
Carbon isotope discrimination is a rapid method to determine water use efficiency. 
Low ci/ca is diagnostic of higher WUE (lower ∆
13
C) due to the relatively higher CO2 uptake 
generated by low ci/ca (Bacon 2004). The positive correlation of ∆ with stomatal conductance 
(gs) indicates that lower ∆ genotypes use less water thus ensuing higher intrinsic WUE 
(A/gs). This greater intrinsic WUE can be due to lower stomatal conductance or higher 
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photosynthetic rate. Among the subset of genotypes tested in E5 it was revealed that higher 
intrinsic WUE was due to lower stomatal conductance in the low ∆G genotypes. The 
synthetic genotypes (2, 4 and 5) and the cultivar Ventura had significantly lower ∆G (high 
WUE) but produced the highest grain yield. These findings proved the hypothesis that lower 
∆ genotypes used less water and had higher TE and higher grain yield. 
The trend of higher ∆ in some of the environments studied during 2010 and 2011 may 
be attributed to the availability of adequate water for conductance, thus resulting in higher 
WUE. Nevertheless the higher ∆ genotypes could be targeted for the high moisture 
environments and low ∆ for water-limited environments. The first low ∆ (high WUE) wheat 
varieties, Drysdale and Rees, were developed using low ∆ as a selection criteria, for water-
limited environments (Condon et al. 2004; Monneveux et al. 2012). Reynolds et al. (2012) 
suggested selecting for low CID among unreplicated families in the early stages of yield 
testing to reduce the cost of replicated trails.  
 Yield is determined by numerous spike traits (Wu et al. 2012b). Significant variation 
and G x E interaction was observed for all spike traits during the three years of study. The 
lowest grain size was recorded in the driest environment, a finding supported by Plaut et al. 
(2004). A few traits such as spike length, kernels per spikelet and number of grains per spike 
showed a weak association with grain yield. In the current study, high tillering was found to 
be negatively correlated with most spike traits. Blum et al. (1990) also found the highest 
grain yield per plant in wheat cultivars with more kernels per ear but lower tiller number.  
The synthetic genotypes (2, 4, 6 and 10) had the least tillers, but superior spike traits and 
higher grain yield. 
 This study revealed that improved water use efficiency and grain yield in north-
western NSW environments were associated with higher NDVI, leaf length/width, CTD, 
biomass at anthesis and maturity, harvest index, thousand grain weight, WUEDM-Maturity 
and WUEGrain. This study also concluded that genotypes vary in their capacity to respond to 
water stress and this information can be exploited to improve the drought tolerance of wheat 
cultivars. 
 
9.3 Below ground traits 
Yield in drought prone environments can be improved by increasing the soil water 
extraction capacity of plants for transpiration and this can be accomplished by improved 
partitioning of roots at depth (Blum 2009) or by greater root length at intermediate soil depths 
in Mediterranean environments (Gregory et al. 2009). The yield advantage of synthetic 
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derived lines (also used in the current study) over their parents was attributed to greater 
partitioning of root mass at depth (60-120 cm) and increased ability to extract water 
(Reynolds et al. 2007b). Nevertheless, a shallow root system is useful for regions with 
adequate precipitation, whereas deeper and more extensive root systems will have an 
advantage when crops are grown on stored soil moisture or progressive water deficit 
conditions. 
The root traits studied in high and low moisture environments during 2009 revealed 
significant variation among genotypes (chapter 5). Overall, root length, root diameter and 
root length density reduced in response to water stress. Under drought stress and non-stressed 
conditions maximum root trait values were observed near the surface at 0-15cm and these 
tended to decrease with depth. The overall mean root length density in the current study was 
greater than the suggested value of 0.65 cm
3
 cm
-3 
that was considered sufficient to extract all 
soil moisture (Passioura (1982). The synthetic genotypes (4, 5 and 6) identified as drought 
tolerant (chapter 4) were also found superior for all root traits and resulted in better grain 
yield and WUE.  
Stronger relationships between root traits and above ground traits (chapter 5) were 
observed in non-limiting moisture conditions. Above ground characters are easier to measure 
and can be used as indirect selection criteria. Where heritabilities are higher, particularly in 
non-stressed conditions, the genotypes selected in this way can be expected to perform better 
in moisture deficit as these root traits were also associated with drought tolerance. The 
observed relationship between root traits recorded in 2009 and CTD measured during 2011 
indicated that varieties with higher root trait values capture and transpire more moisture 
resulting in cooler canopies, greater WUE and subsequently higher grain yield.  
  
9.4 Grain quality parameters 
Grain quality traits showed significant differences among genotypes across years and 
environments (chapter 6). G x E interactions were detected for all traits with the exception of 
grain moisture. The grain protein of the tested genotypes fell into the hard and prime hard 
wheat grades, grain hardness in the very hard and extra hard grain category, grain test 
weights in the milling grade class and the mean grain moisture within normal limits. All the 
grain quality traits were found to be highly heritable. 
Grain protein and hardness tended to increase whereas grain moisture and test weight 
decreased in the dry environment. Similar findings were reported by other authors (Guttieri et 
al. 2000, 2001; Gupta et al. 2001; Asseng and Milroy 2006; Noorka et al. 2009) under water 
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stress in wheat. The combined analysis over years showed that greater grain protein was 
correlated with lower grain hardness. Likewise, a significant association was found between 
higher grain hardness and grain water absorption and grain test weight.  
In the current study, grain protein did not show any significant correlation with grain 
yield, whereas grain protein in both bread and durum wheat was found to be negatively 
associated with grain yield in other studies (Asseng and Milroy 2006; Noorka et al. 2009; 
Blanco et al. 2012). Grain hardness and grain test weight were negatively associated with 
grain yield. As a result of the above average rainfall in 2010 and 2011, no significant 
relationship was observed between grain quality and water use. However, grain test weight 
was negatively correlated with WUEDM-Maturity due to greater partitioning of assimilates to 
the vegetative biomass and less to the grain. Similarly, grain hardness and grain test weight 
were negatively associated with WUEGrain due to higher water use which was influenced by 
the longer grainfilling period of the harder-grained genotypes.   
Overall, the highest grain protein was found in synthetic genotypes (4, 5 and 10), 
LPB05-2271 and Cunningham. Likewise, grain hardness, water absorption and test weight 
was highest in Scout. The influence of environmental factors on grain quality traits was 
determined. Increased grain protein was observed under higher temperature and radiation 
exposure; greater grain hardness under lower temperatures, increased grain moisture and 
grain water absorption under lower temperature and higher humidity; and superior grain test 
weight under higher rainfall (rain before maturity), humidity and lower temperatures. 
 
9.5 Genetic diversity 
Genetic diversity was studied through cluster analysis of phenotypic and molecular 
data with the aim of identifying parental combinations that could improve WUE and grain 
yield in northwestern NSW (chapter 7). Cluster analysis classified genotypes into four sub-
clusters on the basis of above and below ground traits. However, the cluster analyses did not 
group all genotypes with the same origin. This was observed for genotypes 11 and 20 
(Australian origin) which clustered with synthetic genotypes of Mexican origin, in contrast 
the sister lines (7 and 9) selected from the same cross were grouped in different clusters, an 
observation  also supported by others researchers (Rabbani et al. 1998; Ghafoor et al. 2001). 
However, this trend disappeared when genotypes were clustered using the molecular data; all 
the Australian released cultivars grouped together. 
Synthetic genotypes showed substantial similarity when clustered based on 
phenotypic and genotypic data. The synthetic genotypes grouped into two clusters based on 
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root and above ground traits. These genotypes tended to have superior agro-physiological 
traits, WUE, grain yield and drought tolerance. The superior performance of synthetic 
genotypes was also reported by Reynolds et al. (2007b). 
Traits that contributed to better performance in field studies were identified based on 
clustering of phenotypic and molecular data. The contributing traits common across data sets 
were related to root, agro-physiological, leaf, spike and WUE parameters. A plant breeder 
can use the substantial genetic variability identified in the current study for both above and 
below ground traits to plan crosses among high yielding genotypes from different clusters 
coupled with high trait variability.  
 
9.6 Wheat ideotype under Australian environments 
One of the key objectives of this study was to identify the most water use efficient and 
the least water use efficient genotypes. In this context the synthetic derivatives (2, 4, 5, 6 and 
Sokoll) were among the most efficient, whereas the Australian released cultivars (Envoy, 
Spitfire, Sunco and Sunvale) were the least efficient.  Based on the results of the current 
study a water use efficient wheat ideotype for Australian environments, specifically 
northwestern NSW can be estimated.  
The water use efficient wheat ideotype would have superior NDVI, higher leaf length 
and width, cooler canopy (greater canopy temperature depression, CTD), increased biomass 
at anthesis and maturity, taller plant height (maximum 108 cm in this study), better harvest 
index, higher spike length, greater number of kernels per spikelet and thousand grain weight, 
higher grain yield, and superior WUEDM-Maturity and WUEGrain. 
As the experiments were conducted over contrasting environments ranging from dry 
to wet conditions, it is likely that this wheat ideotype will be applicable to other wheat 
growing areas around the world. 
 
9.7 Association analysis 
 High quality data from an applied wheat breeding program was used for a genetic 
association analysis (chapter 8). The data from plant breeding programs eliminate the need 
for the development of specific mapping populations and the estimated marker associations 
should be relevant to the breeder’s gene pool (Arief 2010). Furthermore, multiple traits could 
be studied simultaneously and a wide range of genetic backgrounds from multiple crosses 
could be exploited (Arief 2010). In this study, the traits investigated were quantitatively 
inherited and controlled by numerous genetic loci.  
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The population structure in the germplasm under study was identified from pattern 
analysis of the phenotypic and genotypic data. Population structure was examined but 
sometimes it can result in non-detection of true associations (Arief 2010). Here a DArT 
association study on a complete breeding program data set was described and the results 
compared with previous studies.  
 In the current study, the highest numbers of DArT markers significantly associated 
with grain yield were found on the B genome, an observation supported by Crossa et al. 
(2007). The smallest numbers of significantly associated markers were detected on 
chromosomes 4D and 5D. Some marker- trait associations were identified in genomic regions 
already reported as important for the grain yield while several new regions were identified. 
QTLs and marker-trait associations for grain yield reported by other authors were 
confirmed in this study at or close to their reported positions as revealed by significant MTAs 
on wheat chromosomes 1A, IB, 1DS, 2AS, 2AL, 2B, 2DL, 4A, 4B, 4D, 5A, 5B, 6A, 6B, 6D, 
7A and 7D. New MTAs were  identified on 1AS, 1AL, 1BS, 1BL, 1DS, 2AS, 2AL, 1BS, 
1BL, 2DL, 3AL, 4AL, 4BS, 5AS, 5BS, 5BL, 5DL, 4AL, 6AS, 6BS, 6DL, 7AS, 7AL, 7BL 
and 7DS either at more than one location or detected by multiple markers. 
The IBL.IRS and 7DL.7Ag translocations are reported to increase grain yield (Carver 
and Rayburn 1994; Arief 2010; Li et al. 2012b) and are expected to be distributed in the 
tested germplasm as shown by the significant marker associations for grain yield on 1BL and 
7DL. The association of higher grain yield with the dwarfing genes has also been reported 
(Rebetzke et al. 2011; 2012a); however only Rht-1 is present on 4BS. The significant 
associations found in chromosome regions linked to photoperiod insensitivity (Ppd), 
vernalization (Vrn) and earliness per se (Eps) genes likely confirm the presence of these 
genes with the exception of Ppd1, Vrn-A1, Vrn-A3, and Vrn-4. 
Several MTAs were identified in the regions where stripe rust QTLs or genes were 
previously reported. Many of the seedling and adult plant stripe rust resistance genes reported 
in CIMMYT germplam (Crossa et al. 2007) were expected to be present as CIMMYT 
material was used to develop a number of the lines evaluated  in the current study and  
significant MTAs were reported in many of these regions. However, no MTAs were found on 
2DS, 3AS, 3DS, 4BL, 4DS, 5DS, 6DS, 6DL and 7BS for stripe rust resistance and hence the 
reported genes were not expected to be present on these chromosomes, a finding partially 
supported by Crossa et al. (2007). The rust resistance genes (Yr8, Yr9, Yr15, Yr17, Yr26 and 
Yr38) transferred from alien sources into the common wheat are expected to be present in the 
tested material as shown by significant MTAs on chromosomes 1D, 1BL, IBL, 2AS, 1BS and 
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6A, whereas the undetected genes (Yr28 and Yr40) on 4DS and 5DS, may have been lost 
during selection or not identified due to lower numbers of markers on the D genome. New 
previously unreported associations were identified on 1DL, 3AL and 3DL. The cluster of 
associated markers found on 3DL and 7BL in this study may indicate a new stripe rust 
resistance gene. 
 In the current study no MTAs are found on 1DS, 3AS, 4BL, 4DS, 4DL, 5DS, 5DL, 
6AS, 6DS, 7BS and 7DS for leaf rust resistance. Crossa et al. (2007) also found missing 
associations on several of these chromosomes. The significant marker-resistance associations 
were identified in the regions where the leaf rust resistance genes (Lr9, Lr18, Lr21, Lr22a, 
Lr24Lr25, Lr26, Lr28, Lr29, Lr32, Lr35, Lr36, Lr37, Lr38, Lr39, Lr40, Lr41, Lr42, Lr43, 
Lr44, Lr47, Lr50 and Lr53) were transferred from different genera. 
Genomic regions were found to be positively associated with leaf rust resistance 
where known genes and QTLs were previously reported. Some genes from alien sources 
(Lr19, Lr57 and Lr63), and others (Lr1, Lr30, Lr49 and Lr67) were not identified in the 
current study due to lack of variation in the tested materials or a lack of mapped DArT 
markers at their reported regions. The significant associations found on 5AS and 6DL and 
may indicate new leaf rust resistance genes or alleles on these chromosomes. 
The current study identified significant genetic variability for response to crown rot. 
Maximum numbers of DArT markers for crown rot resistance were detected on 1A, 2D, 7A 
and 7D whereas no associated markers were identified on 1D, 4D and 5D. Some significant 
associated markers were found on the same chromosome arms as previously reported QTL 
(Collard et al. 2005; Collard et al. 2006; Liu et al. 2011; Ma et al. 2012a). The marker-
resistance associations observed on chromosomes 1AS, 1BS, 1BL, 2AL, 2BL, 2DL, 3AL, 
3DS, 3DL, 4AS, 4AL, 5AS, 5BS, 5BL, 6AS, 6AL, 6BS, 6DL, 7AS, 7AL, 7BL, 7DS and 
7DL have not been reported previously for crown rot. 
Several identified genomic regions demonstrated a pleiotropic effect on multiple 
traits. Various marker trait associations identified in this research for improved productivity and 
adaptation could accelerate the process of pyramiding favourable alleles into new cultivars. 
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9.8 Conclusion 
1. The results of this study indicated that synthetic genotypes were consistently superior 
for grain yield and water use efficiency compared to many of the released cultivars. 
2. The high WUE genotypes identified can be used to develop more efficient cultivars 
that increase yield per unit available water, thus improving farmer income in both dry 
and wetter years.  
3. Early maturity was an important factor in conferring superior WUE and has specific 
implications for drought prone environments as short duration genotypes can escape 
terminal drought. 
4. Fewer tillers, higher leaf length and width, greater biomass at anthesis and maturity, 
taller semi-dwarf plants, better harvest index, higher spike length, greater number of 
kernels per spikelet, better thousand grain weight and higher grain yield were the key 
agronomic traits that contribute to improved WUE. 
5. Higher NDVI (early vigor), greater canopy cover, higher chlorophyll content, higher 
CTD and CID (higher for wet and lower for water-limited environments) were 
identified as vital physiological traits that can be used as surrogates to improved WUE 
and grain yield. These physiological traits can be combined through crossing as 
suggested by Trethowan and Reynolds (2007). 
6. The identification and use of molecular markers linked to these physiological 
parameters will speed up the process of selection and can aid trait pyramiding in 
wheat improvement programs. 
7. Gas exchange parameters i.e. high photosynthetic rate, increased intercellular CO2 
concentration, improved mesophyll conductance to CO2 and greater leaf intrinsic 
WUE and lower Ci/Ca and stomatal conductance to water vapour contributed to  
improved WUE and grain yield. 
8. Synthetic genotypes (4, 5 and 6) had the greatest root length, root diameter and root 
length density and best WUE and produced greater grain yield under dry conditions. 
They would be excellent parents for the development of mapping populations for 
QTL identification.   
9. This study concluded that genotypes vary in their capacity to respond to water stress 
and this variation can be exploited to develop drought tolerant wheat cultivars. 
10. The lack of relationship between grain protein and grain yield indicates that both traits 
can be improved simultaneously under the environmental conditions of this study. 
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The current research revealed that there is no association between industrial quality 
and improved WUE.  
11. Genotypes differentiated into clusters based on allelic similarity with superior 
combinations of above and below ground parameters. These materials can be used in 
plant breeding programs targeting the improvement of WUE and grain yield in 
northwestern NSW. 
12. In the current research, association analysis revealed that in a breeding population 
each trait is affected by many markers and each MTA affects multiple traits. 
13. The MTAs identified for the key traits responsible for improved productivity and 
adaptation could be used to pyramid favorable alleles into modern cultivars.  
 
 
9.9 Future work 
1. The current study was conducted in growing seasons with adequate precipitation with 
the exception of first year (2009). A similar study conducted under water-limited 
conditions using rain shelters would provide better insight into the plant responses to 
water stress. . 
2. The negative relationship of delta with grain yield as reported by Australian 
researchers under stored soil moisture conditions could be tested using rain shelters to 
identify high water use efficient genotypes (low delta) solely for water-limited 
environments. 
3. Previous studies suggested the positive role of a deeper root system in producing 
higher grain yield and it will be interesting to investigate rooting behavior in 
contrasting moisture levels at greater depths than those explored in the present study. 
Some traits such as root dry weight and root : shoot ratio may also be considered 
while investigating water relations. 
4. Identification of QTL for improved WUE and the traits found in this study that 
contribute to the higher WUE and improved grain yield. QTL for root traits would be 
highly valuable as root studies are laborious and time consuming in the field. 
5. The significantly associated markers for grain yield and other traits observed in this 
study should be recombined in crosses and accumulated through selection to test the 
efficacy and relevance of these association studies.   
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Appendix I  (Chapter 3) 
 
 
 
 
 
 
1
 DAS = Days after sowing 
 
Figure 1. Weather data for 2009 at Narrabri, (a) Rainfall (mm) and mean minimum and 
maximum temperature (
O
C); (b) Mean humidity (%) and solar radiation (MJ m
-2
). 
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1
 DAS = Days after sowing 
 
Figure 2. Weather data for 2010 at Narrabri, (a) Rainfall (mm) and mean minimum and 
maximum temperature (
O
C); (b) Mean humidity (%) and solar radiation (MJ m
-2
). 
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1
 DAS = Days after sowing 
 
 
Figure 3. Weather data for 2011 at Narrabri, (a) Rainfall (mm) and mean minimum and 
maximum temperature (
O
C); (b) Mean humidity (%) and solar radiation (MJ m
-2
). 
0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
0.0
20.0
40.0
60.0
80.0
100.0
120.0
140.0
160.0
180.0
200.0
Te
m
p
er
at
u
re
 (
o
C
) 
R
ai
n
fa
ll 
(m
m
) 
Month (DAS)1 
Mean rainfall (mm) 2001-2010 Total rainfall (mm) 2011 Mean min. temp. (oC) 2001-2010
Mean min. temp. (oC) 2011 Mean max. temp. (oC) 2001-2010 Mean max. Temp. (oC) 2011
Harvesting: 16.11.11 Sowing: 11.6.2011 Anthesis (a) 
0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
0
10
20
30
40
50
60
70
80
90
So
la
r 
ra
d
ia
ti
o
n
 (
M
J 
m
-2
) 
H
u
m
id
it
y 
(%
) 
Month DAS) 
Mean of 9am & 3pm relative humidity (%) 1962-2002 Humidity (%) 2011
Mean daily solar exposure (MJ m-2) 1990-2010 Mean daily solar radiation (MJ m-2) 2011
(b) 
 232 
  
Appendix II  (Chapter 4) 
 
Table 1. Plant analysis values of wheat at the flag leaf stage (Anonymous 2006)1. 
Element
2
 Low (deficient) Marginal High (sufficient) 
B <6 6 - 10 10 
Ca <0.15 0.2 >0.2 
Cu <5 5 - 10 10 
Fe <25 50 - 180 >180 
Mg <0.1 0.15 0.15 - 0.3 
Mn <30 35 - 100 >100 
P <0.2 0.2 - 0.5 >0.5 
K <1.3 1.5 >1.6 
Na - - - 
S <0.15 0.15 >0.4 
N <3.4 3.7 - 4.2 <4.2 
Zn <20 20 - 70 >70 
 
1
 Cited by: Wheat production guide series copyright 8 PANNAR SEED (PYT) LTD              
                  (www.pannar.com) 
 
2
 B, boron (mg kg
-1
); Ca, calcium (%); Cu, copper (mg kg
-1
); Fe, iron (mg kg
-1
); Mg, magnesium (%); 
Mn, manganese (mg kg
-1
); P, phosphorus (%); K, potassium (%); Na, sodium (%); S, sulphur (%); N, 
total nitrogen (%); Zn, zinc (mg kg
-1
). 
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Appendix III  (Chapter 8) 
 
Table 1. List of genotypes used for association analysis of grain yield and diseases during 
2008-2010. 
S. No. Code Genotype/Pedigree S. No. Code Genotype/Pedigree 
1. PBI1 Crusader 52. PBI53 QT10580/SUN431A.44.4 
2. PBI2 Cunningham 53. PBI54 QT10580/SUN431A.4.3 
3. PBI3 Ellison 54. PBI55 QT10580/SUN431A.34.1 
4. PBI4 Gregory 55. PBI56 QT10580/SUN431A.34.3 
5. PBI5 Janz 56. PBI57 QT10580/SUN431A.61.4 
6. PBI6 Lang 57. PBI58 SUNCO/2*PASTOR//SUN436E.320.2 
7. PBI7 Lincoln 58. PBI59 SUNCO/2*PASTOR//SUN436E.345.4 
8. PBI8 Livingston 59. PBI60 SUNCO/2*PASTOR//SUN436E 
9. PBI9 Merinda 60. PBI61 SUNCO/2*PASTOR//SUN436E 
10. PBI10 Stampede 61. PBI62 SUNCO/2*PASTOR//SUN436E 
11. PBI11 Sunstate 62. PBI63 SUNCO/2*PASTOR//SUN436E 
12. PBI12 Sunvale 63. PBI64 SUN421T/QT10401 
13. PBI13 Sunvex 64. PBI65 SUN421T/QT10401 
14. PBI14 Ventura 65. PBI66 SUN421T/QT10401 
15. PBI16 15HRWSN112 66. PBI67 SUN421T/QT10401 
16. PBI17 15HRWSN163 67. PBI68 SUN421T/QT10401 
17. PBI18 KUKRI/SUNLIN 68. PBI69 SUN421T/SUN399C.22.1 
18. PBI19 KUKRI/SUNLIN 69. PBI70 SUN421T/SUN399C.22.3 
19. PBI20 KUKRI/SUNLIN 70. PBI71 SUN421T/SUN399C.22.5 
20. PBI21 RAC892/SUNSTATE 71. PBI72 SUN421T/SUN399C.101.4 
21. PBI22 Lang/3*Sun376J.1.1.3 72. PBI73 SUN431A/Lang.89.2 
22. PBI23 Lang/3*Sun376J.1.2.1 73. PBI74 SUN431A/Lang.89.3 
23. PBI24 SUNVALE/VPMB36020 74. PBI75 SUN431A/Lang.21.1 
24. PBI25 SUNVALE/VPMB36020 75. PBI76 SUN431A/Lang.21.2 
25. PBI26 SUNVALE/VPMB36020 76. PBI77 SUN431A/Lang.25.2 
26. PBI27 SUNVALE/VPMB36020 77. PBI78 SUN434A/Lang.35.3 
27. PBI28 SUNVALE/VPMB36020 78. PBI79 SUN434A/Lang.67.1 
28. PBI29 SUNVALE/VPMB36020 79. PBI80 SUN434A/Lang.67.2 
29. PBI30 SUNVALE/VPMB36020 80. PBI81 SUN434A/Lang.19.4 
30. PBI31 LANG/SUN366A 81. PBI82 SUN434A/Lang.40.1 
31. PBI32 LANG/SUN366A 82. PBI83 SUN434A/Lang.40.2 
32. PBI33 CHARA/SUN434A 83. PBI84 SUN434A/LANG 
33. PBI34 CHARA/SUN434A 84. PBI85 SUN434A/LANG 
34. PBI35 CHARA/SUN434A 85. PBI86 SUN434A/LANG 
35. PBI36 CHARA/SUN434A 86. PBI87 SUN434A/LANG 
36. PBI37 CHARA/SUN434A 87. PBI88 SUN434A/LANG 
37. PBI38 CHARA/SUN434A 88. PBI89 SUN434A/SUN436E.46.4 
38. PBI39 KUKRI/SUNSTATE 89. PBI90 SUN434A/SUN436E.136.1 
39. PBI40 KUKRI/SUNSTATE 90. PBI91 SUN434A/SUN436E.136.2 
40. PBI41 KUKRI/SUNSTATE 91. PBI92 SUN434A/SUN436E.188.3 
41. PBI42 KUKRI/SUNSTATE 92. PBI93 SUN434A/SUN436E.18.2 
42. PBI43 Isr614.23/2*Sunvale 93. PBI94 SUN434A/SUN436E.116.4 
43. PBI44 SUN344 E/VPMB36020 94. PBI95 SUN434A/SUN436E.117.1 
44. PBI45 SUN344 E/VPMB36020 95. PBI96 SUN434A/SUN436E.142.1 
45. PBI46 SUN325K/SUN434A 96. PBI97 SUN434A/SUN436E 
46. PBI47 SUN325K/SUN434A 97. PBI98 EGA Bonnie Rock/SUN436F 
47. PBI48 SUN325K/SUN434A 98. PBI99 B409C/SUN420A//SUN498E 
48. PBI49 SUNSTATE/CHARA 99. PBI100 CHARA/B409C//SUN498E 
49. PBI50 SUNSTATE/CHARA 100. PBI101 RAC892/98ZHB03//RAC892 
50. PBI51 SUNSTATE/CHARA 101. PBI102 SUN325K/SUN434A*2 
51. PBI52 QT10580/SUN431A.10.3 102. PBI103 SUNSTATE/VO1225//SUN429E 
103. PBI104 IRAQ43/SUNSTATE*3 161. PBI162 98ZHB03/2*Lang 
104. PBI105 IRAQ43/SUNSTATE*3 162. PBI163 98ZHB03/2*Lang 
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105. PBI106 SUN429E/Ruby 163. PBI164 98ZHB03/2*Lang 
106. PBI107 SUN429E/Ruby 164. PBI165 98ZHB16/SUN399H//SUN399C 
107. PBI108 SUN429E/Ruby 165. PBI166 98ZHB16/SUN399H//SUN399C 
108. PBI109 SUN429E/Ruby 166. PBI167 98ZHB16/SUN399H//SUN399C 
109. PBI110 SUN429E/Ruby 167. PBI168 AMSEL/2*HTG/3/Sunstate 
110. PBI111 SUN429E/Ruby 168. PBI169 AMSEL/2*HTG/3/Sunstate 
111. PBI112 SUN429E/Ruby 169. PBI170 AMSEL/2*HTG/3/Sunstate 
112. PBI113 SUN429E/Ruby 170. PBI171 Carinya/Cascade 
113. PBI114 SUN429E/Ruby 171. PBI172 Carinya/Sunpict 
114. PBI115 SUN429E/Ruby 172. PBI173 Carinya/Sunpict 
115. PBI116 SUN429E/Ruby 173. PBI174 Carinya/Sunpict 
116. PBI117 SYN 1.57.2 174. PBI175 Carinya/Sunpict 
117. PBI118 SYN 1.57.3 175. PBI176 Carinya/Sunpict 
118. PBI119 SYN 1.116.3 176. PBI177 Carinya/Sunpict 
119. PBI120 SYN 3.74.2 177. PBI178 Carinya/Sunpict 
120. PBI121 syn6.47.2 178. PBI179 Carinya/Sunpict 
121. PBI122 syn6.47.4 179. PBI180 Carinya/Sunpict 
122. PBI123 SUN372D.1.3 180. PBI181 Carinya/Sunpict 
123. PBI124 4zwf04.1.3 181. PBI182 Carinya/Sunpict 
124. PBI125 4zwf04.1.4 182. PBI183 Carinya/Sunpict 
125. PBI126 Sunco*2/Kukri 183. PBI184 Carinya/Sunpict 
126. PBI127 Sunco*2/Kukri 184. PBI185 Carinya/Sunpict 
127. PBI128 Sunco*2/Kukri 185. PBI186 Carinya/Sunpict 
128. PBI129 Sunco*2/Kukri 186. PBI187 Carinya/Sunpict 
129. PBI130 Sunco*2/Kukri 187. PBI188 Carinya/Sunpict 
130. PBI131 Sunco*2/Kukri 188. PBI189 CPI133814/SUN421H//SUN421E 
131. PBI132 Sunco*2/Kukri 189. PBI190 DM5637*B8/H45//SUN485A 
132. PBI133 Sunco*2/Kukri 190. PBI191 DM5637*B8/H45//SUN485A 
133. PBI134 URES/JUN//KAUZE/3/2*SUNVALE 191. PBI192 DM5637*B8/H45//SUN485A 
134. PBI135 Rowen/Vpmb36020//Lang 192. PBI193 DM5637*B8/H45//SUN485A 
135. PBI136 Rowen/Vpmb36020//Lang 193. PBI194 DM5637*B8/H45//SUN498D 
136. PBI137 Chara/4*Sun376G 194. PBI195 DM5637*B8/H45//SUN498D 
137. PBI138 SUNVALE//OPATA*2/WULP 195. PBI196 DM5637*B8/H45//SUN498D 
138. PBI139 SUNVALE//OPATA*2/WULP 196. PBI197 DM5637*B8/H45//SUN498D 
139. PBI140 SUNVALE//OPATA*2/WULP 197. PBI198 DM5637*B8/H45//SUN498D 
140. PBI141 SUNVALE//OPATA*2/WULP 198. PBI199 DM5637*B8/H45//SUN498D 
141. PBI142 30Ibwsn008/Sunstate 199. PBI200 DM5637*B8/H45//SUN498D 
142. PBI143 30Ibwsn008/Sunstate 200. PBI201 DM5637*B8/H45//SUN485A 
143. PBI144 Sunvale/Janz 201. PBI202 DM5637*B8/H45//SUN485A 
144. PBI145 Sunvale/Janz 202. PBI203 DM5637*B8/H45//SUN485A 
145. PBI146 SUN434A/SUN436E 203. PBI204 Wentworth/SUN434A 
146. PBI147 SUN429E/Ruby 204. PBI205 Wentworth/SUN434A 
147. PBI148 RAC1192/Ventura 205. PBI206 Wentworth/SUN434A 
148. PBI149 RAC1192/Ventura 206. PBI207 Ellison/SUN434A 
149. PBI150 RAC1192/Ventura 207. PBI208 Ellison/Ventura 
150. PBI151 RAC1192/Ventura 208. PBI209 GILES/Carinya 
151. PBI152 RAC1192/Ventura 209. PBI210 GILES/Carinya 
152. PBI153 RAC1192/Ventura 210. PBI211 GILES/Carinya 
153. PBI154 RAC1192/Ventura 211. PBI212 GILES/Carinya 
154. PBI155 RAC1192/Ventura 212. PBI213 GILES/Carinya 
155. PBI156 RAC1192/Ventura 213. PBI214 GILES/Carinya 
156. PBI157 RAC1192/Ventura 214. PBI215 GILES/Carinya 
157. PBI158 RAC1192/Ventura 215. PBI216 KUKRI/SUNLIN 
158. PBI159 RAC1192/Ventura 216. PBI217 Lang//CPI133842/Lang 
159. PBI160 98ZHB03/2*Lang 217. PBI218 Lang/Ellison 
160. PBI161 98ZHB03/2*Lang 218. PBI219 Lang/SUN431B 
219. PBI220 Lang/SUN431B 260. PBI261 Sunvale*2/VO1225 
220. PBI221 Lang/SUN431B 261. PBI262 Sunvale*2/VO1225 
221. PBI222 Lang/SUN431B 262. PBI263 Sunvale*2/VO1225 
222. PBI223 Lang/SUN431B 263. PBI264 Sunvale*2/VO1225 
223. PBI224 SUN431A/SUN492A 264. PBI265 URES/KAUZ//2*Janz/3/SUN421E 
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224. PBI225 SUN431A/SUN492A 265. PBI266 URES/KAUZ//2*Janz/3/SUN421E 
225. PBI226 SUN431A/SUN492A 266. PBI267 URES/KAUZ//2*Janz/3/SUN421E 
226. PBI227 SUN431A/SUN492A 267. PBI268 URES/KAUZ//2*Janz/3/SUN421E 
227. PBI228 SUN434A/CHARA 268. PBI269 Ventura/Kukri 
228. PBI229 SUN434B/Sunco 269. PBI270 Ventura/Kukri 
229. PBI230 SUN434B/Sunco 270. PBI271 WA-1-21005/2*SUN426B 
230. PBI231 SUN498E/Sunco 271. PBI272 WA-1-21005/2*SUN426B 
231. PBI232 SUN498F/SUN485A 272. PBI273 WA-1-21005/2*SUN426B 
232. PBI233 SUN498F/SUN485A 273. PBI274 WA-1-21005/2*SUN426B 
233. PBI234 SUN498F/SUN485A 274. PBI275 WA-5-21-020/Lang*2 
234. PBI235 SUN498F/SUN485A 275. PBI276 WA-5-21-020/Lang*2 
235. PBI236 SUN500B/Carinya 276. PBI277 WA-5-21-020/Lang*2 
236. PBI237 SUN500B/Carinya 277. PBI278 Yr15,24,2*399C.22 
237. PBI238 SUN500B/Carinya 278. PBI279 Yr15,24,2*399C.49 
238. PBI239 SUN500B/Carinya 279. PBI280 Yr15,24,2*399C.67 
239. PBI240 Sunco/SUN431A 280. PBI281 Yr15,24,2*399C.76 
240. PBI241 Sunco/SUN431A 281. PBI282 Yr15,24,2*399C.85 
241. PBI242 Sunco/SUN431A 282. PBI283 Yr15,24,2*399C.87 
242. PBI243 Sunco/SUN431A 283. PBI284 Yr15,24,2*399C.102 
243. PBI244 Sunco/SUN431A 284. PBI285 Yr15,24,2*399C.103 
244. PBI245 Sunco/SUN431A 285. PBI286 Yr15Yr24 2*399C.1 
245. PBI246 Sunco/SUN431A 286. PBI287 Ellison/Ventura 
246. PBI247 Sunco/SUN431A 287. PBI288 Ellison/Ventura 
247. PBI248 Sunco/SUN431A 288. PBI289 Ellison/Ventura 
248. PBI249 Sunco/SUN431A 289. PBI290 22SAWSN61.1 
249. PBI250 Sunco/SUN431A 290. PBI291 BAXTER/SUN421N 
250. PBI251 Sunco/SUN431A 291. PBI292 ZWE05 129 
251. PBI252 Sunco/SUN431A 292. PBI293 ZWX05 50 
252. PBI253 Sunco/SUN431A 293. PBI294 ZWC06 19 
253. PBI254 Sunco/SUN431A 294. PBI295 Strzelecki/Sunvale 
254. PBI255 Sunstate/Ellison 295. PBI296 ELLISON/Sunbri 
255. PBI256 Sunstate/QT8733 296. PBI297 SUNVALE//SERIISO-6/SUNVALE 
256. PBI257 Sunstate/QT8733 297. PBI298 SUNVALE//SERIISO-6/SUNVALE 
257. PBI258 Sunvale*2/VO1225 298. PBI299 SUN445C/QT10776 
258. PBI259 Sunvale*2/VO1225 299. PBI300 2*M5880/SUN366A 
259. PBI260 Sunvale*2/VO1225    
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Figure 1. Map with 1835 DArT markers. Significant markers are shown for grain yield (GY), stripe 
rust (YR), leaf rust (LR) and crown rot (CR). In parenthesis is the number of times a particular trait 
appeared over the locations or years. 
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wPt.0884[CR]
219.7
wPt.733669219.8
tPt.8569 wPt.669693[GY]219.9
wPt.0465[GY(3)] wPt.2878[YR]
wPt.0547 tPt.3700[YR]
wPt.4120
220.0
wPt.5816221.5
wPt.8598 wPt.9904
wPt.7241 wPt.7080
wPt.5677[GY]
221.7
wPt.9992222.6
wPt.2838223.5
wPt.6320 wPt.9013[GY(2)]
wPt.7251 wPt.0126[GY(2)]
224.0
wPt.744187[GY,YR(2)]227.6
wPt.800156[GY,YR(4)]228.5
wPt.4140228.8
7B
wPt.666104[CR]0.3
wPt.664320[GY] wPt.664368[GY(2),CR]
wPt.731269 wPt.743102[GY]
wPt.743491[GY] wPt.743601[GY(2)]
wPt.744347[GY(2),CR] wPt.744521[GY(2),CR]
wPt.744644[GY(2),CR] wPt.744841[GY(2)]
wPt.5150[GY] wPt.1269[GY]
wPt.669587[CR]
0.8
wPt.668026[GY] wPt.743109[GY]
wPt.743682 wPt.743854[GY]
wPt.744332[GY] wPt.744802[GY]
wPt.744917[GY] wPt.745106[GY]
1.1
wPt.663820 wPt.663918
wPt.733104 wPt.743698[GY]
wPt.743749 wPt.743999
wPt.744148 wPt.744346
wPt.744444 wPt.744784[GY]
wPt.744889 wPt.745067
1.4
wPt.0366[CR] wPt.663792[CR]
wPt.742840[CR] wPt.742858[CR]
wPt.742911[CR] wPt.743140[CR]
wPt.743306[CR] wPt.743384[GY,CR]
wPt.743666[CR] wPt.743671[CR]
wPt.744124[CR] wPt.744736[CR]
wPt.744866[CR] wPt.745068[CR]
wPt.745070[CR] wPt.745121[CR]
wPt.5049[CR] wPt.663989[CR]
wPt.664047[CR] wPt.664309[CR]
wPt.664317[CR] wPt.664412[CR]
wPt.664971[CR] wPt.665471[GY,YR,LR]
wPt.666850[GY(2)] wPt.669154[CR]
wPt.733729[GY,LR] wPt.743380[CR]
wPt.743589[GY(2)] wPt.743651[CR]
wPt.744265[CR] wPt.744675[CR]
wPt.744976[CR] wPt.745008[CR]
wPt.745062[CR]
1.6
wPt.663849[CR] wPt.664020[CR]
wPt.743269[CR] wPt.744388[CR]
wPt.744656[CR]
1.9
wPt.665730[GY,LR]2.3
wPt.664286[CR]3.4
wPt.730402 wPt.734065
wPt.743332[GY]
3.7
wPt.744300[CR] wPt.0934[CR]4.5
wPt.744596[CR] wPt.798604[CR]
wPt.743501[CR]
4.6
wPt.665260[CR] wPt.743096[CR]
wPt.743549[CR] wPt.3359
5.1
wPt.1100[GY(5),YR(2)] wPt.3328[GY(5),YR(2)]37.3
wPt.078955.9
wPt.750893.5
wPt.4555[YR(2)] wPt.0231[YR]
wPt.666095[YR]
115.1
wPt.1859[YR] wPt.664400[YR]
wPt.665687[YR]
116.9
wPt.2258138.4
wPt.8422 wPt.7842
wPt.8343 wPt.4319[GY(2),CR]
wPt.4315
170.6
wPt.1405 wPt.665461
wPt.730876 wPt.731386
wPt.8034[GY]
170.7
wPt.731810170.8
wPt.666144[GY]171.0
wPt.671684[GY]171.3
wPt.664106[GY]171.4
wPt.664206[GY]171.6
wPt.663734[GY]171.7
tPt.4614[GY] wPt.664387[GY]
wPt.667548[GY] wPt.663755[GY]
wPt.663954[GY] wPt.664034[GY]
wPt.664234[GY] wPt.664384[GY(2),YR(6)]
wPt.671529[GY]
172.0
wPt.1492[GY]172.1
wPt.2339 wPt.663848
wPt.672113 wPt.743602
173.3
wPt.5674 wPt.3923174.2
wPt.7368174.6
wPt.667894[YR]175.7
wPt.664264[YR]176.5
wPt.663971[YR]176.9
7D
  
  
2
4
2 
Table 2. Marker trait associations (MTAs) for grain yield in wheat genome. 
Chromosome 
Short arm (S) Long arm (L) Unknown arm 
DArT (wPt) QTL/MTA DArT (wPt) QTL/ MTA QTL/ MTA 
1A 1782, 6564, 1167, 665174, 671698, 734027, 731843, 
3870, 667260, 666723, 667763, 3904, 668236, 731617 
QTL32, 37 
MTA16, 33 
730148, 731806, 732546, 733007, 733858, 1268, 9592, 
665590, 664666, 664968, 664972, 731282, 667153, 
tPt.1012, 0128, 667814, 1792, 5167, 8016, 7339, 
666087, 667288, 669294, 730902, 732377, 732881, 
733820, 734285, 734288, tPt.1419, tPt.7724, 3712, 3836, 
6754, 8644 
QTL10, 13,  20, 24, 38 
MTA16, 33, 35, 40 
QTL7 
MTA16, 17, 43 
1B 9524, 741297, 8320, 1560, 0983, 2395, 2988, 7422, 
742230, tPt.5080, 668076, 8930, 6442, tPt.0283, 0044, 
3942, 3465, 4863, 4343, 5740, 8240, 2575, 5801, 
741980, 3753, 5006, tPt.7183, 8682, 7242, 5899, 5385, 
5562, 1726, 1637, 740897, 744960, 6012, 3266, 0260, 
9973, 6832, 2786, 5678 
1B.1R transl. 
QTL13 
MTA16, 33, 36 
0705, 2315, 7160, 1403, 7066, 5034, 5061, rPt.9074, 
2526, 5281, rPt.2940, 667092, 1070 
 
QTL19, 26, 29, 38,  
MTA16, 33 
QTL5, 30, 42 
MTA16 
1D 730758, 730783, 665480, 3855 QTL26, 28 
MTA16, 33, 36 
666832, 666719, 667287, 1445, 734081, 732556 QTL20, 26 
MTA16, 33 
QTL10, 22 
MTA17, 43 
2A 5738, 8464, 8242, 3565, 6158, 669721, 733012, 0115, 
8004, 9432, 7187, tPt.9405, 8490, 740658, 7721, 1142, 
669755, 740847 
Ppd3, QTL9, 20, 
27 
MTA16, 33, 36 
6662, 1615, 2858, 9586, 669355, 741201, 741584, 
799683, 6687, 7901, 1480 
QTL38 
MTA16, 33 
QTL5, 21, 22, 42 
MTA16, 17, 43 
2B 6271, 0643, 1919, 3459, 3592, 5934, 6575, 6627, 6970, 
tPt.1663, 8918, 5195, 667472, 3949, 0477, 1813, 2106, 
5374, 8326, 7695, 3561, 7985, 4301, 743630, 6199, 
4125, 5672, 7757, 1992, 0775, 1127, 2907, 5287, 1140, 
7747, 2327, 9350, 4889, 800425, 1294, 2249, 3569, 
6576, 0434, 741721, tPt.0611, 1882, 733929, 3272, 
rPt.3823, rPt.5747, tPt.5296, 0263, 2082, 2832, 3906, 
6144, 6321, 731385, 733161, 734147, 742618, 744324, 
7512, 7990, 4199, 5878, 2854, 5440, 2120, 8077, 5044, 
0473, 0703, 3109 
Ppd2, QTL38 
MTA16, 33 
0694, 0950, 0489, 5680, tPt.5897, 0628, 2528, 3023, 
8693, 9812, 665645, 9736, 0697, 9257, 5128, 3898, 
667945, 666931, 744808, tPt.4248, 1505, 0047, tPt.9486, 
3632, 1454, 2135, 2724, 3378, 5017, 4559, 732666, 
743307, 4368 
 
Eps, QTL13, 25, 37 
MTA16, 33 
QTL8, 9, 30 
MTA16, 43 
2D  Ppd1, Rht8, 
QTL14, 20, 32, 37 
MTA16, 33, 40 
667843, 0298, 6574, 667584, 731148, 733741, 665694, 
2160, 2781, 6847, 665317, 666332, 666887, 668044, 
730613, 666464, 733725, 665836, 667765, 730677, 
731220, 731336, 665102, 668261, 671742, 730080, 
730757, 3757, 0153, 1301, 4329, 6514, 7825, 7921, 
9848, 667485, 741208, 730427, 3692, 666518 
Eps, QTL19, 24, 27,  
32, 38 
MTA16 
QTL5, 8, 21, 22 
MTA17, 43 
3A  QTL11, 31 
MTA16, 33 
743723, 1353, 7890, 10311, 2866, 745076, 2910, 4692, 
9422, 730156, 8892, 0147, 5476, 5263, 6234, 8741, 
0398, 9160, 3612 
QTL31, 39, 41 
MTA16, 33, 35 
Eps, QTL3, 11, 15 
MTA17 
3B 1162, 3609, 3761, 3921, 666139, 7961, tPt.9267, 1081, 
2045, 6211, 6718, 734244, 7668, 741750, 798970, 0325, 
2757, 3094, 741331, 800213, 10585, 5836, 8238, 6239, 
664393, 732044, 10130, 1159, 10005, 2936, 6216, 9579, 
tPt.1366, 5105, 6945, 7015, 9170, 4209, 10196, 11295, 
QTL25, 27, 32, 37, 39 
MTA16 
11278, 0021, 732501, 2119, 10537, 731500, 0401, 5295, 
rPt.0996, 10349, 3342, 6856, 8845, 8206, 0668, 0751, 
9805, 7514, 7526, 0343, 2416, 3165, 3201, 4412, 8412 
 
QTL20, 24, 29, 39 
MTA33, 35 
Vrn, QTL22 
MTA16, 17 
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3 
2091, 4608, 5390, 5939, 0446, 11218, 9443, 741571, 
11024, 0695, 10497, 4364, 7786, 731910, rPt.7068, 
10142, 5786 
3D 665049, 2464, 742148, 742530, 743515, 742463, 
741037, 741157, 6337, 740873, 742443, 664771, 
742363, 741446, 742491, 742151, 4476, 740903, 8463 
MTA16 0220, 0870, 665320, 665392, 665570, 666115, 666659, 
667216, 671598, 730421, 730995, 731402, 732466, 
732795, 732950, 3183, 0485, 0524, 1317, 2374, 2795, 
2923, 4276, 6011, 9470, 8164 
QTL9, 19 
 
Ppd, QTL7, 21 
MTA17, 43 
4A 7939, 744614, 0162 QTL9, 19, 20, 29, 39 
MTA16, 36 
730387, 5124, 4596, 8000, 2903, 671707, 3349, 9196, 
2794, 9006, 2780, 4241, 7590, 1155, 4424, 9641, 
rPt.7987, 742051, 0023, 1961, 4620, 4828, 5172, 9675, 
664749, 672107, 742056, rPt.0238, 6867 
QTL13, 18 
MTA16, 33, 35   
Eps 
MTA16, 17 
4B 1931, 744595, 1272, 5559, 733363, 734310, 1046, 4607, 
667593, 8650, 1400, 7569, 7062, 9067, 6209, 733038, 
4243, tPt.4214, 3608 
Rht-1, QTL10, 13, 
26 
MTA16 
740654 
 
QTL20 
MTA16, 35 
Eps, QTL21, 42 
MTA16, 17 
4D  Rht-2,  QTL9, 27, 
28, 38, 39 
3058 QTL19, 20, 37 
MTA33, 36 
Eps, QTL7 
MTA17 
5A 9887, tPt.9702, 3620, 5787, 4131, tPt.7210, 3924, 0605, 
742925, 7769, 0958, 800634, 9094, 8794 
QTL13, 24, 26 
MTA16, 33, 36 
5096 Vrn-A1, QTL10, 24 
MTA16, 33 
QTL2, 7, 10, 12, 21 
MTA16 
5B 2305, 8604, 7237, 5175, 665267, 5346, 6348, 2810, 
0318, 4996, 5688, 7079, 6549, 3995, tPt.4875, 0929, 
1457, 1951, 744750, 744851, 9467, tPt.7755, 3012, 5792 
QTL13, 26 
MTA16 
2607, 7101, tPt.3719, 1548, 5896, 2707, 6191, 0935, 
8094, 9205, 1304, 1179, 4418, 6971, 7665, 9116, 0484, 
4551, 666215, 4402, 731740, 1060, 9815 
Vrn-A2, QTL1, 19  
MTA16, 33, 35,  36 
QTL5, 6, 7 
MTA16, 17 
5D  QTL32 
MTA16, 33 
5505 Vrn-A3, Vrn-4 
 
QTL7 
MTA43 
6A 1664, 9382, 0562, 6520, 4016, 7616, rPt.9065, tPt.0877, 
666574, 671855, 6904, 9679, 669315, 8266, 5652, 
732062, 733856, tPt.2833, 3524, 731842, 731934, 3605 
QTL26, 34 
MTA16 
666266, 667618, 729839, 732183, 733195, 1695, 6188, 
734140, 8954, 6829, tPt.9048, 0696, 5480, 8011, 2216, 
671558, 666494, 9058, 667607, 9976, 733051, 733699, 
3247, 4145, 4229, 8124, 9474, 732328 
QTL19, 27, 34, 37 
MTA16, 33 
QTL22, 23, 42 
 
6B 6282, tPt.2055, 5234, 8015, 5971, 7203, 3116, 6127, 
8239, 9255, 9990, 4564, 3526, 4142, 665017, 6667, 
745074, 6594, 4900, 1437, 2095, 4930, 741515, 8814, 
666793, 667798, 745052, 663764, tPt.4887, tPt.3506, 
4858, 2899, 745110, 3666, 4893, 6247, 8721, 9195, 
4388, 4542, 729979, 2000, 6160, 8560, 2564, 7935, 
9124, 4648, 2424, 664174, 3060, 5037, 743099, 
tPt.8161, 5211, 6208, 9930, 1048 
QTL13, 27, 37 
MTA16, 35 
669607, 1325, 9256, 4662 
 
QTL26, 28 
MTA16 
Eps, QTL7 
 
6D 664719, 672044 QTL19, 26, 34, 37 
MTA16, 33 
741831, 3502, 730539, 731329, 733067, 740553 QTL34, 38 
MTA16 
MTA16, 17, 43 
7A 8418, 1510, tPt.6794, tPt.9948, 664558, 665253, 672051, 
672075, 672171, 6273, 0008, 6967, 7151, 8043, 4172, 
2371, 5257, 2199, 8192, 0393, 731311, 9207, 740561, 
742244, 9651, 8473, 0031, 1080, 4051 
QTL20, 39 
MTA16, 33, 35,  36 
3992, 7299, 5558, 6013, 2083, 1557, 9072, 3226, 
741686, 1023, 6019, 1958, 6495, 9813, 4038, 0494, 
2316, 5533, 7947, 2501 
QTL10, 13, 20, 26, 38, 
39 
MTA16, 33 
QTL12 
MTA16, 17 
7B  QTL19, 25, 26 
MTA33 
1853, 4025, 2572, 6463, 2273, 1826, 3723, 0635, 4045, 
0194, 3190, 744987, 0600, 2449, 0866, 8803, 2933, 
669693, 0465, 5677, 9013, 0126, 744187, 800156 
QTL10 
MTA16, 33, 35 
VrnB4, Vrn5, Eps, 
QTL12 
MTA16 
7D 664320, 664368, 743102, 743491, 743601, 744347, 
744521, 744644, 744841, 1269, 5150, 668026, 743109, 
743854, 744332, 744802, 744917, 745106, 743698, 
QTL37 
MTA16, 33 
4319, 8034, 666144, 671684, 664106, 664206, 663734, 
tPt.4614, 664387, 667548, 663755, 663954, 664034, 
664234, 664384, 671529, 1492 
7D.7Ag transl., 
QTL4, 13, 14 
QTL22 
MTA16, 43 
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744784, 743384, 665471, 666850, 733729, 743589, 
665730, 743332, 1100, 3328 
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Table 3. Marker trait associations (MTAs) for stripe rust in wheat genome.  
Chromosome 
Short arm (S) Long arm (L) Unknown arm 
DArT (wPt) 
Yr gene/QTL/ 
MTA 
DArT (wPt) 
Yr gene/QTL/ 
MTA 
Yr gene/QTL/ 
MTA 
1A 666776, 734027, 666723 Yr3a,Yr3b,Yr3c 
MTA16 
8016, tPt.6091, 1786, 664593, 664703, 5160, 6005, 
7147, 732616 
QTL31, 56, 58, 60 
MTA16 
QTL43, 50 
MTA16 
1B 744437, 0983, 7422, 742230, 9605, tPt.0283, 0044, 
3098, 3942, 8488, 2230, 9639, 4863, 4343, 5740, 8682, 
7242, 5899, 5385, 5562, 1726, 1637, 740897, 744960, 
0260, 2786, 5678, 8168, 2389 
Yr10, Yr15, 
Yr24, Yr26, 
YrAlp18, 
YrC11054 
QTL52, 58, 59      
MTA16 
2315, 7160, 5034, 5061, 667092 
 
Yr9, Yr29, 
YrChk19, 
YrExp122, 
1BL.IRS56  
QTL5, 14, 23, 24, 28, 31, 
33, 36, 40, 58, 61 
MTA16, 10 
Yr21, YrCH4212, 
YrP13835 
MTA16 
1D 3855 Yr25 
QTL36, 52, 56, 60   
MTA16 
665814, 666719, 667287 MTA16  
2A 733012, 3744, 5027, 8328, 1368, 742886, 9839, 6431, 
9624, 744943, 9712, tPt.6183, 2087, 3976, 4450, 4533, 
6207, 2309, 4197, 743061, 744782, 7721, 1657 
Yr17, Yr32, 
Yrxy145  
QTL5, 11, 31, 37, 38, 
42, 46, 53, 59, 60, 61 
MTA16 
2435, 6662, 1615, 2858, 9586, 799683, 1499 
 
Yr1, Yrxy245 
QTL5, 8, 11, 20 
MTA16 
MTA16 
2B tPt.1663, 8918, 1813, 3561, 7985, 743630, 6199, 1992, 
0775, 1127, 2907, 5287, 7747, 2327, 9350, 4889, 2249, 
0434, 741721, tPt.0611, 1882, 733929, rPt.3823, 
rPt.5747, tPt.5296, 0263, 2082, 2832, 3906, 6144, 6321, 
731385, 733161, 734147, 742618, 744324, 7512, 7990, 
4199, 5878, 2854, 5440, 8077, 5044, 0703, 3109 
Yr27, Yr31 
QTL2, 3, 7, 8, 21, 24, 
26, 34, 42, 43, 47, 48, 
58, 60  
MTA16 
0694, 0950, 0489, 7305, tPt.5897, 0628, 2528, 3023, 
8693, 9812, 665645, 5128, 667945, 7004, 666931, 7161, 
0047, 3632, 4426, 0471, 732040, 2135, 2274, 2724, 3378 
 
Yr5, Yr7, Yr4332, 
Yr4432, Yr5362 
QTL3, 8, 11, 21, 24, 52, 
53, 56 
MTA10, 16 
QTL50 
MTA16 
2D  Yr16, YrKat, 
YrCK  
QTL4, 8, 15, 29, 46, 
49, 59 
667843, 666857, 667584, 731148, 733741, 666332, 
666887, 668044, 666464 
Yr37 
QTL4, 40, 56 
MTA16 
Yr8  
QTL23 
MTA16 
3A  QTL49, 59 
MTA16 
1111, 2740, 5476, 5263, 8741 QTL60 
MTA16 
QTL58 
3B 1620, 5209, 5522, 8446, 1162, 7225, 3609, 3761, 
tPt.9267, 1081, 6211, 734244, 7668, 798970, 0325, 
2757, 741331, 800213, 5916, 5432, 5836, 0610, 664393, 
732044, 10130, 1159, tPt.1366, 5105, 7015, 9170, 4209, 
10196, 5390, 8915, 0695, 10497, 1940, 4364, 7786, 
731910, 10142, 5786 
Yr30, Yrns-B117, 
YrRub30 
QTL1, 14, 15, 31, 42, 
59, 63 
MTA10, 16 
664981, 672088, 667746, 0912, 732501, 0533, 8752, 
2119, 5261, 10537, 731500, 0401, 5295, rPt.0996, 6834, 
10349, 3342, 6856, 8513, 0751, 9805, 1834, 7514, 
742982, tPt.7594, 10071, 7158, 3165, 1311, 0995, 
10407, 7956, 8352, 8396 
QTL28, 59 QTL50, 58 
MTA16 
3D  QTL1, 3, 15 
MTA16 
7535, 9389, 0220, 0870, 6107, 665320, 665392, 665570, 
666115, 666659, 666907, 667216, 668020, 671598, 
Yr4541  
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671603, 730421, 730995, 731402, 732466, 732795, 
732950, 744794, 731144, 3183, 0485, 2923, 666955, 
667368, 669412, 8164 
4A 0817 QTL2, 7 
 
730387, 800147, 5124, 4596, 8000, 2903, 0538, 2909, 
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Table 4. Marker trait associations (MTAs) for leaf rust in wheat genome. 
Chromosome 
Short arm (S) Long arm (L) Unknown arm 
DArT (wPt) 
Lr gene/QTL/ 
MTA 
DArT (wPt) 
Lr gene/QTL/ 
MTA 
Lr gene/QTL/ 
MTA 
1A 731994, 667763, 734054, 8749 Lr10  
QTL4, 27  
MTA16, 34 
4801, tPt.6091, 1786, 664593, 664703, 5160, 6005, 
7147, 732616 
Lr59 
QTL20 
MTA16 
 
1B 742230, tPt.0283, 0044, 3098, 3942, 8488, 3465, 7242, 
5385, 5562, 1637, 0260 
Lr26 
QTL2, 7, 13, 20, 39, 
40 
MTA16 
8279, 7160 LrZH8423, Lr44, 
Lr46 
QTL6, 11, 14, 20, 21, 25, 
27, 32, 38, 39 
MTA16 
Lr33, Lr51, Lr55  
QTL11 
MTA16 
1D  QTL2, 20 665814, 666719, 667287, 732556 Lr215  
MTA16 
Lr40, Lr42, Lr43 
2A tPt.6183 Lr17a22, Lr17b, 
Lr45  
QTL4, 40  
MTA16, 30 
1615, 2858, 9586, 669355, 741201, 741584, 799683, 
1499, 2696 
Lr37, Lr38 Lr11  
QTL18, 26, 39 
MTA16 
2B 4301, 6199, 4199, 5878, Lr13, Lr1610, 
Lr23, Lr48  
QTL1, 3, 12, 21, 26, 
39 
MTA16, 30 
0489, 7004, 7161, 3632, 4426, 0049, 2274, 2724, 3378, 
4917 
Lr50, Lr58, 
LrG637  
QTL4 
MTA16, 30 
Lr35 
QTL17, 35 
MTA16 
2D 3812 Lr2a, Lr2b, 
Lr2c, Lr15, 
Lr22a, Lr22b, 
Lr39, Lr4128, 
LrSV137  
QTL12, 17, 20, 25, 40 
0298, 667584, 731148, 666464 Lr54  
QTL4, 13, 32 
QTL39 
3A  Lr63 
QTL32, 40 
tPt.0519, tPt.6949, 1111 QTL3, 4, 24 
MTA16 
Lr66 
3B 1162, 9496, 3609, 3761, tPt.9267, 1081, 6211, 734244, 
7668, 798970, 0325, 2757, 800213, 10003, 10142, 5786 
Lr27, LrSV237 
QTL4, 13, 15, 27, 40  
MTA16, 30, 34 
10176, 6834, 8513, 9805, tPt.7594, tPt.4541, 10071, 
6961, 7158, 2416, 3165, 734141 
QTL24, 27, 40 
MTA34 
- 
3D 665049 QTL15, 27  
MTA16 
0220, 0870, 665392, 665570, 666115, 666659, 667216, 
671598, 730995, 731402, 732466, 732795, 732950, 
3183, 0485, 2923, 8164 
Lr24  
QTL11, 20 
Lr32 
4A 0817 QTL27 7924, tPt.9400, 4596, 8000, 2903, 9196, 5578, 668307, 
669526, 2836, rPt.7987, 4487, 0023, 1961, 6867, 3250, 
6688 
Lr28 
MTA16 
Lr25 
MTA16 
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4B 4607, 667593, 8650, 7569 Lr12, Lr31  
QTL3, 27 
MTA16 
 Lr30, Lr49  
QTL4, 14, 20, 40 
QTL11, 26 
4D  QTL20, 27  Lr6733 
QTL3, 24 
- 
5A 9887, 0958, 800634, 9094 QTL27, 32 
MTA16 
1038 QTL39 QTL18, 26 
MTA16 
5B 744314, 0819, 7237, 2810 Lr529  
QTL32 
MTA34 
1304, tPt.1253, 3922 Lr18 
QTL24, 25, 40 
MTA16 
QTL11, 35 
MTA16 
5D  Lr57 
QTL15 
MTA16 
 Lr1  
QTL32, 40 
- 
6A  MTA16 667618, 7063, 0902, 7857, 664792, 730772, 732355 Lr56  
QTL14, 20, 25 
MTA16 
Lr62 
QTL11, 35 
6B tPt.2055, 5971, 5673, 3800, 6585, 0245, 3304, 6994, 
7582, 8239, 1756, 0452, 7954, 664276, 4900, 744407, 
744581, 663764, 8721, 729979, 2000, 8560, 2424, 5211, 
6208, 1307 
Lr36, Lr53  
QTL15, 38 
MTA16, 34 
3284, 9930, 1325 Lr3a, Lr3bg, 
Lr3ka, Lr9  
QTL14, 24, 37, 39 
MTA34 
QTL17, 35 
6D  QTL20, 40 741831, 3502   
7A 8192, 0393 Lr47 
MTA16, 34 
8399, 0514, 3782, 744897, 741686, 1958 Lr20  
QTL32 
MTA34 
MTA16 
7B  QTL15 
MTA30, 34 
tPt.7247 Lr14a, Lr14b22, 
Lr6836 
QTL2, 3, 12, 19, 21, 26, 
39 
MTA16, 30 
QTL11, 26, 35 
MTA16 
7D 665471, 733729, 665730 Lr29, Lr34  
QTL4, 6, 7, 8, 11, 20, 
25, 29, 31 
MTA16 
 Lr19 
MTA34 
QTL11, 35 
MTA16 
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Table 5. Marker trait associations (MTAs) for crown rot in wheat genome.  
Chromosome 
Short arm (S) Long arm (L) Unknown arm 
DArT (wPt) QTL DArT (wPt) QTL QTL 
1A 664778, 666776, 671790, 1782, 731617  1268, 665590, 732970, 744613, 666087, 667288, 
669294, 669800, 730902, 732377, 732881, 733820, 
734285, 734288, tPt.1419, tPt.7724, 1011, 3712, 3836, 
6754, 6853, 8644 
QTL1 QTL2 
1B 741297, 8320, 731699, 8240, 2597, 3819, tPt.8929, 
1684, 6012, 3266, 6832, 1573 
 0705, 0202, 1403, 7066, rPt.9074, 0944, 2526, 3475, 
4532, 5281, rPt.2940 
 QTL4 
1D    QTL1, 3, 4  
2A tPt.9405, 8490, 740658, 1142, 740847 QTL1 5865   
2B 3390, 7883, 1140, 6576, 3272, 2120, 0473 QTL1, 2, 3 0697, 9257, 744808, 1454  QTL4 
2D   730613, 733725, 665836, 667765, 730677, 731220, 
731336, 665102, 668261, 671742, 730080, 730757, 
3757, 1301, 4329, 6514, 7825, 7921, 9848, 667485, 
741208, 730427, 3692, 666518 
QTL2  
3A   2748, 8855, 1353, 7890, 745076, 1681, 2755, 2910, 
4692, 7756, 1119, 0147 
  
3B 3921, 2045, 6718, 3094, 10585, 4842, 0610, 6239, 6945, 
0446, 668152, 8030 
QTL11 0021, 8959, 8845, 0668, 3760, 2685, 2559, 4412 QTL4, 5, 6, 7, 8, 9, 11 QTL2, 4 
3D 742705, 9078  0524, 1317, 2374, 2795, 4276, 6011, 9470   
4A 8479, 7939, 6728, 744614, 0162  3374, 667130, 5857, 2780, 8271, 1155, 4424, 742051, 
4620, 4828, 2151 
 QTL2 
4B 3439, 6869 QTL4  QTL1 QTL6, 10 
4D      
5A tPt.9702, 3620, 4131, 744567    QTL2, 10 
5B 9925, 2305, 1784, tPt.8942, 0318  1409, 2607, 7101, 5896, 2707, 6191, 0935, 8094, 9205, 
3076 
 QTL4 
5D    QTL2 QTL4 
6A tPt.0877, 666574, 671855, 6904  666266, 729839, tPt.9048, 0696, 5480, 733051, 733699  QTL2 
6B 6282, 7203, 1547, 2964, 1089, 3130, 7207, 8563, 9990, 
1437, 2095, 6674, 666793, tPt.4887, tPt.3506, 4858, 
6160 
  QTL10 QTL4 
6D   3350, 731816, 730539, 731329, 733067, 740553   
7A 6273, 0008, 6967, 7151, 8043, 4172, 2371, 664252, 
744818, 5257, 2199, 743193, 743510, 731311, 9207, 
740561, 742244, 0031, 1080, 4051 
QTL4 671471, 5558, 6013, 3226, 7947, 2501   
7B  QTL1 4300, 3939, 3004, 744987, 5462, 7108, 2449, 0884   
7D 666104, 664368, 744347, 744521, 744644, 669587, 
0366, 663792, 742840, 742858, 742911, 743140, 
743306, 743384, 743666, 743671, 744124, 744736, 
744866, 745068, 745070, 745121, 5049, 663989, 
664047, 664309, 664317, 664412, 664971, 669154, 
 4319   
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743380, 743651, 744265, 744675, 744976, 745008, 
745062, 663849, 664020, 743269, 744388, 744656, 
664286, 744300, 0934, 744596, 798604, 743501, 
665260, 743096, 743549 
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